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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. 



13

General introduction I

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. 
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Abstract
A common characteristic of neurodegenerative diseases like Alzheimer’s disease, 
Parkinson’s disease and Huntington’s disease is the accumulation of protein aggregates. 
This reflects a severe disturbance of protein homeostasis, the proteostasis. Here, we review 
the involvement of the two major proteolytic machineries, the ubiquitin proteasome system 
(UPS) and the autophagy/lysosomal system, in the pathogenesis of neurodegenerative 
diseases. These proteolytic systems cooperate to maintain the proteostasis, as is indicated 
by intricate cross talk. In addition, the UPS and autophagy are regulated by stress pathways 
that are activated by disturbed proteostasis, like the unfolded protein response. We will 
specifically discuss how these proteolytic pathways are affected in neurodegenerative 
diseases. We will show that there is a differential involvement of the UPS and autophagy 
in different neurodegenerative disorders. In addition, the proteolytic impairment may be 
primary or secondary to the pathology. These differences have important implications for 
the design of therapeutic strategies. The opportunities and caveats of targeting the UPS 
and autophagy/lysosomal system as a therapeutic strategy in neurodegeneration will be 
discussed.



33

General introduction II

Introduction
Correct protein folding is central to all cellular functions, and misfolding may lead 
to loss of function as well as a toxic gain of function of the protein involved. The 
maintenance of homeostasis in the folding of proteins is therefore extremely important. 
The complement of this homeostatic machinery has been termed the “proteostasis 
network” 153 and is comprised of components that assist in folding as well as factors 
involved in the recognition and removal of misfolded proteins. The final destination of 
terminally misfolded proteins is degradation by the ubiquitin proteasome system (UPS) 
or the autophagy/lysosomal system. Protein misfolding is a common event in any cell, 
and is dealt with very efficiently under physiological conditions. In case of disturbed 
proteostasis, the aberrant proteins accumulate and can form aggregates. 

Neurons are post-mitotic cells that cannot remove aggregates by cell division and 
are therefore very dependent on proper functioning of protein quality control. Many 
neurodegenerative diseases are characterized by the accumulation of aggregates of 
misfolded proteins in neurons, indicating a severe disturbance of proteostasis in these cells. 
In this review, we will discuss neurodegenerative diseases categorized by accumulation 
of common intracellular aggregating proteins: tau, α-synuclein and proteins containing 
expanded polyglutamine tracts (Table 1). Different types of aggregates preferentially 
occur in specific brain regions and induce neuronal loss which is reflected in specific 
clinical symptoms. The aggregates can accumulate at different subcellular locations and 
result in a toxic gain or loss of function by interfering with cellular processes as diverse 
as vesicle transport, transcription or mitochondrial function.154 Over the last decade a 
common theme for protein folding diseases has emerged. Initially small, oligomeric 
assemblies are formed that represent the most toxic species, whereas the larger, highly 
structured aggregates appear a relatively safe way for deposition.155 The inclusion bodies 
found in neurons affected by neurodegenerative disease may thus reflect the last resort 
of failed proteostasis, at the point where proteolysis is incapable to degrade the aberrant 
proteins. The initiating event that drives aggregation is not always clear and is often 
multifactorial. In some cases a mutant protein facilitates the aggregation, but more often 
an age dependent accumulation of wild type proteins takes place. This is likely to be 
caused by a combination of increased formation of aggregates and a decreased clearance, 
for example by an age-related decline of proteolytic capacity.156
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At present, there is still no cure available for neurodegenerative disorders. Symptomatic 
treatments exist, that may improve a subset of symptoms for limited time, such as 
levodopa supplementation in Parkinson’s disease (PD) 157 and cholinesterase inhibition in 
Alzheimer´s disease (AD).158 These treatments are of limited efficacy and have significant 
side-effects. Therefore a tremendous research effort is put into disease modifying strategies. 
The focus of these is on aggregated proteins, due to their key role in the pathogenesis, by 
prevention of their formation or stimulation of their removal. This review will discuss the 
proteolytic machineries that remove aggregation prone proteins. Proteolytic mechanisms 
may also be involved in the generation of fragments that facilitate aggregation (e.g. 
presenilins, calpains, caspases and matrix metalloproteinases 159-163) but this is beyond 
the scope of this review. We will focus on the UPS and the autophagy/lysosomal system 
that are the major players in protein quality control, although also other proteases may 
contribute to the degradation of aberrant proteins.164

We will first discuss some basic aspects of the UPS and the autophagy/lysosomal 
system. Subsequently we will address the crosstalk between these two major proteolytic 
machineries and the regulation of proteolysis in case of disturbed proteostasis by 
stress pathways like the unfolded protein response (UPR). Decline of the proteolytic 
capacity is in many cases a major contributor to the pathogenesis of neurodegenerative 
diseases. This may be the primary defect that causes the accumulation of aggregates, 
but may also be secondary to accumulation of aggregates that cause impairment of the 
proteolytic machinery and initiate a vicious circle. Therefore, in the second part of the 
review we will discuss how the UPS and the autophagy/lysosomal system are affected in 
neurodegenerative diseases in view of opportunities for specific therapeutic intervention. 

Proteolysis of misfolded proteins
Ubiquitin proteasome system
The UPS is the major degradational system in the cell that is involved in the degradation of 
short-lived, misfolded and defective proteins. Proteins that are destined to be degraded by 
the UPS are first modified with ubiquitin 165, a 76 amino acid protein used as a molecular 
tag that marks proteins for a variety of cellular pathways.166 Some proteins, mostly 
monomeric and unfolded proteins, can be degraded in an ubiquitin independent manner, 
as reviewed in 167. Ubiquitin becomes linked to a substrate via a reversible isopeptide 
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bond mediated by the sequential action of three distinct ubiquitin binding proteins. First, 
an ubiquitin activating enzyme (E1) activates monomeric ubiquitin in an ATP dependent 
manner and forms a high energy thiol-ester linkage with the C-terminal glycine of 
ubiquitin. Second, the activated ubiquitin is transferred to an ubiquitin conjugating 
enzyme (E2). Third, an ubiquitin-ligase (E3) cooperates with the E2 and either directly 
catalyzes or mediates transfer of ubiquitin to the ε-amino group of a Lys (K) residue in 
the substrate protein. Alternatively, ubiquitination can occur at the N-terminal residue of 
the substrate protein.168 Additional ubiquitin proteins can be ligated onto one of seven K 
residues (K6, K11, K27, K29, K33, K48 and K63) within the attached ubiquitin molecule. 
In this manner mono- or polyubiquitin chains can be added to proteins which target them 
to different pathways. Polyubiquitination on K48 and K63 is specifically associated with 
substrate degradation.169 

The human genome contains 2 E1 170 and approximately 40 E2 and ~600 E3 enzymes.169 
E3 ligases are substrate specific and convey a high level of regulation and selectivity 
to the UPS. The E3 ligases are divided into three subtypes based on their catalytic 
domain; homologous to E6-associated protein C terminus (HECT), really interesting new 
gene (RING) and U-box ligases. The HECT domain E3 accepts ubiquitin from an E2 
conjugating enzyme and transfers it to the substrate, whereas RING and U-box E3s do 
not form ubiquitin intermediates but form a scaffold between the E2 and the substrate 
protein. A number of E3 enzymes and their substrates are fully characterized and based on 
these studies E3 enzymes are thought to recognize a specific sequence, structural element 
or post-translational modification (e.g. phosphorylation, glycosylation and acetylation) 
within the substrate protein.168,171 Most HECT E3 ligases function as monomers, whereas 
most RING and U-box E3 ligases need to form a complex with other proteins to bind their 
respective E2 enzymes and substrate proteins. Specific E2/E3 combinations attach K48 or 
K63 polyubiquitin chains to substrate proteins. Analogous to kinases and phosphatases, 
deubiquitinating enzymes (DUBs) exist that are capable of removing ubiquitin moieties 
and in this manner regulate ubiquitin dependent targeting. The majority of human DUBs 
are cysteine proteases, complemented by a small group formed by metallo proteases. The 
large variety in DUBs indicates they have numerous functions and this relates to the large 
variety of ubiquitin chain modifications that exist within the cell. 

The classical signal to target proteins for selective degradation by the proteasome is 
ubiquitination with a chain of at least four K48 linkages.172 The 26S proteasome complex 
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is responsible for ubiquitin dependent degradation and is found throughout the cytoplasm 
and the nucleus of all eukaryotic cells. It consists of the 20S core proteasome flanked by 
one or two 19S regulatory subunits. The 20S core is a cylindrical stack of four heptameric 
rings composed of heteromeric alpha (α) subunits (outer rings) and beta (β) subunits 
(inner rings). Together, these rings form a proteolytic chamber into which unfolded 
peptides enter and are degraded.173,172 Three of the proteasome β subunits in the 20S 
core are catalytically active. Together these subunits, β1, -2 and -5, convey peptidyl-
glutamyl peptide hydrolyzing (PGPH), trypsin- and chymotrypsin like activity to the 
proteasome.173 Under the influence of cytokines (e.g. γIFN mediated NF-κB signalling 
174) the constitutive β subunits can be replaced by the inducible β subunits β1i, -2i and -5i, 
which slightly alters proteasome catalytic activity. The 19S regulatory particles function 

Figure 1: A schematic overview of the ubiquitin proteasome system. Ubiquitination commences 
when an E1 enzyme activates ubiquitin (Ub) in an ATP dependent manner (1) and transfers it to 
an E2 enzyme (2). The E2 enzyme directly transfers Ub to an E3 (3) or forms a complex with the 
E3 (4), leading to ubiquitination of the target protein (5). A chain of 4 K48 conjugated ubiquitin 
molecules signals degradation by the proteasome. Deubiquitinating enzymes can remove the 
ubiquitin molecules, thereby preventing degradation of the target protein (6). The 19S regulatory 
cap of the 26S proteasome also has deubiquitinating activity and removes and releases ubiquitin into 
the cytoplasm (7). Signalling via the NF-κB route leads to expression of the inducible proteasome, 
in which the catalytically active β subunits (β1, β2 and β5) are replaced by the inducible β subunits 
(β1i, β2i and β5i, (8)). Different regulatory subunits may associate with the 20S proteasome, e.g. 
the REG/ PA28 subunit that is induced via NF-κB signalling (9). 
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in the recognition of substrate proteins and facilitate their degradation by the 20S core 
particle.175 The 19S regulatory particle consists of a lid and a base, the latter is docked 
on top of the entrance to the 20S proteolytic chamber. The lid component recognizes the 
K48 polyubiquitin tag on the substrate protein and contains DUB activity which removes 
and recycles ubiquitin.175 The base component contains ATPase activity and is involved 
in substrate unfolding.176 In addition, it interacts with the 20S core α-subunits to facilitate 
entry of ubiquitin tagged proteins into the proteolytic chamber. Other regulatory particles 
can interact with the 20S proteasome and modulate its activity. For example the 11S 
proteasome activator family (REG/PA28) is induced by γIFN mediated NF-κB signalling. 
This particle activates peptidase activity of the 20S proteasome but does not promote 
the degradation of intact proteins as it lacks ATPase activity.177,178 However, it has been 
suggested that a 19S–20S–11S hybrid proteasome could enhance proteolysis.179 Figure 1 
gives a schematic overview of the UPS.

Autophagy
Autophagy comprises degradational pathways that ultimately deliver their targets to the 
lysosome. The three main autophagic systems are microautophagy, chaperone mediated 
autophagy (CMA) and macroautophagy. Microautophagy involves the direct uptake of 
cytosolic content, by invagination of the lysosomal membrane. CMA targets proteins 
with a specific consensus motif recognized by a heat-shock cognate protein, which aids 
in the direct and selective transport into the lysosome. Macroautophagy involves the 
formation of a double- or multi-membrane structure, the autophagosome, which engulfs 
the cellular material targeted for degradation (proteins, cytosolic debris and organelles), 
and subsequently fuses with the lysosome. In this review we will mainly focus on 
macroautophagy and therefore we will simply refer to it as autophagy.

Autophagy is a complex and strongly regulated process that involves several autophagy 
related genes and proteins (ATG and Atg, respectively 180). To date, the number of 
identified Atg proteins has grown to over 30 in yeast.181,182 The autophagy process is 
evolutionary conserved and many human Atg orthologues have been identified.183 At least 
15 Atg proteins form the core machinery of autophagy and these Atg proteins cooperate 
in complexes that are involved in the sequential steps in the formation and maturation of 
the autophagosomes 184,185; the initiation, elongation and fusion with the lysosome. The 
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mechanistic details of the autophagic process are described in recent reviews 186,181and are 
illustrated in Figure 2.

A straightforward marker of autophagic activity is currently not available and changes 
in levels of Atg proteins should be interpreted with caution.187 A commonly used 
marker is microtubule associated protein 1 light chain 3 (LC3). LC3 is the mammalian 
homologue of Atg8 and is an essential protein for the formation and maturation of 
autophagosomes. Cytosolic LC3-I is converted to membrane associated LC3-II by the 
ubiquitin-like conjugation of LC3 to phosphatidylethanolamine (PE). In this process, 
Atg7 exhibits the ubiquitin-activating E1-like activity and Atg3 the ubiquitin-conjugating 
E2-like activity.188 LC3-II decorates both the inner and outer membrane of the forming 
autophagosome and the relocalization of LC3-II to membranous structures can be used as 
a marker for autophagy. LC3-I and LC3-II can be distinguished on Western blot and an 
increased LC3-II level is often interpreted as increased autophagy. However, this simple 
interpretation is complicated by the degradation of LC3-II itself during the autophagic 
process and is therefore dependent on autophagic flux. In conclusion, LC3-II levels can 
give an indication of steady-state levels of autophagy but autophagic flux measurement 

Figure 2: A schematic overview of the autophagy/lysosomal system. Formation of the phagophore 
membrane is initiated by the Vps15/Vps34/Beclin-1 complex (1) and involves the sequential 
action of several Atg proteins (2). The Atg5/12/16 complex (3) and LC3-II (4) are involved in 
autophagosome formation and decorate the membrane (5). Atg5/12/16 is associated with the outer 
membrane, whereas LC3-II is found on both the inner and outer membrane. The target to be degraded 
is engulfed (6) leading to the formation of an autophagosome (7). Fusion of the autophagosome with 
a lysosome, mediated via LAMP2A and Rab7, leads to the formation of an autophagolysosome (8) 
and subsequent degradation of the engulfed material (9). Signalling via mTOR negatively regulates 
autophagy (10) as does interaction of Beclin-1 with the anti-apoptotic protein Bcl2 (11).
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will have to be performed in the presence of lysosomal fusion/degradation inhibitors 
(reviewed in 187). 

Basal autophagic activity was considered to mainly regulate the turnover of long-
lived cytoplasmic proteins.189,190 More recently, autophagy has been implicated in the 
degradation of polyubiquitinated protein species. Two different autophagy deficient mouse 
models (Atg5-/- and Atg7-/-) show prominent accumulation of ubiquitin positive protein 
aggregates in neurons, accompanied by neurodegeneration.191,192 These findings suggest 
that basal autophagy assists in the clearance of aggregation prone and ubiquitinated 
protein species in neurons. Apart from the targeting consensus sequence involved in 
CMA, the recognition of substrate and targeting to the autophagy/lysosomal system is 
not well understood. LC3-II has been implicated to be involved in the recognition of 
cargo for the autophagosome.181 In addition, it has been suggested that ubiquitin K63 
linkage represents a signal that targets proteins to the autophagic machinery, but the exact 
mechanism is not known (193, see also below).

Autophagy is increased by perturbations in cellular homeostasis.194 A well described 
mechanism for the induction of autophagy involves the mammalian target of rapamycin 
(mTOR) 195 that integrates several signalling pathways. Inhibition of mTOR activity 
initiates a signal cascade that activates autophagy 196, which aims to aid in the restoration 
of homeostasis. Another important factor that regulates autophagy in response to cellular 
stress is Beclin-1 (the mammalian homologue for Atg6). Beclin-1 forms a complex with 
vacuolar protein sorting (Vps) protein 34 and Vps15, which activates autophagy.197 The 
Beclin-1 complex is further modulated by its binding partners, including Atg14, UV 
radiation resistance-associated gene (UVRAG) and activating molecule in Beclin1-
regulated autophagy (Ambra) 1.198,199 Beclin-1 can also interact with the anti-apoptotic 
protein Bcl2. The interaction of Beclin-1 with Vps34 and Bcl2 is mutually exclusive, 
and therefore increased levels of Bcl2 lead to decreased Vps34 binding and consequently 
to decreased autophagy.200 The binding of Beclin-1 to either Bcl2 or Vps34 is therefore 
well positioned to relay the cellular stress response between the protective autophagy 
response and cell death.200 After completion of autophagosome formation, fusion with the 
lysosome takes place in which the Lysosomal-associated membrane protein (Lamp) 2A 
and the small GTP-ase Rab7 are involved.201 This step enables the actual degradation of 
the material that was sequestered in the autophagosome.
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Lysosomal degradation
Lysosomes are acidic membrane-surrounded compartments containing over 50 hydrolytic 
enzymes that have an acid pH optimum in the range of 4.6-5.0.202 These organelles 
are responsible for the intracellular breakdown of various macromolecules including 
proteins and peptides. The macromolecules present in the lysosome are derived from 
the extracellular space through endocytosis or phagocytosis 203, or from the cytoplasm 
through autophagy, as previously described. Therefore, the lysosomes represent another 
means by which misfolded or aggregated proteins can be degraded, besides the UPS. 
Indeed, lysosomes have been shown to degrade α-synuclein 204,205, tau 206 and huntingtin 
207 involved in PD, AD and Huntington’s disease (HD), respectively. 

The main class of lysosomal proteases responsible for the breakdown of these proteins is 
the cathepsins. Cathepsins are subdivided into three subgroups based on their active site 
amino acid. These subgroups are the cysteine (cathepsins B, C, F, H, K, L, O, S, V, U W 
and X), the aspartyl (cathepsins D and E) and the serine cathepsins (cathepsins A and G).208 
Cathepsins are expressed in a cell- and tissue-specific manner. In neurons, cathepsins B 
and L are the most important.209 Cathepsins cleave their substrate in an unspecific manner 
and most of the enzymes are endopeptidases. To prevent any unwanted catalytic activity, 
cathepsins are tightly regulated. First, they are synthesized as inactive zymogens and 
these inactive enzyme precursors are activated by removal of the N-terminal propeptide 
by other proteases or by autocatalysis at acidic pH.210 Another important way by which 
cathepsin activity is regulated is by interaction with their endogenous protein inhibitors. 
The cystatins are reversible competitive inhibitors of C1 cysteine proteases and have been 
classified into three types: the stefins, the cystatins and the kininogens.211 In conclusion, 
the activity of the cathepsins is regulated by various mechanisms including regulation of 
their expression level, zymogen processing and endogenous inhibitors.

Aging
The activity of the cellular proteolysis pathways appear to decrease with aging. An 
increase in the amount of oxidized proteins is found in aging cells and activity of the 
proteasome decreases with aging in several studies using rat models 212-216 and in human 
fibroblasts 217,218, T-cells 219 and retinal cells.220 In addition, the activity of the autophagy/
lysosomal system also decreases with aging.221-224 The rate of formation of autophagic 
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vacuoles and their clearance was shown to be reduced in old rat and mouse hepatocytes 
compared to young hepatocytes.225,226 Furthermore, lipofuscin, an undegradable polymeric 
material, accumulates in the lysosomes of post-mitotic cells (e.g. neurons) with aging and 
is considered a hallmark of the aging cell. Lipofuscin is thought to inhibit lysosomal 
degradation and sensitizes the lysosomes to oxidative stress.227,228 As we will discuss 
in a later section, impairment of the proteolytic machinery is an important feature of 
neurodegenerative disorders. The age-related reduction of proteostasis may therefore be 
an important modulating factor in these age-dependent diseases.

Regulation
Crosstalk 
Accumulation of un- and misfolded proteins is a condition that increases the demand for 
degradation. These aberrant proteins are recognized by chaperone proteins that prevent 
aggregation and facilitate refolding. In addition they are involved in targeting misfolded 
proteins for degradation.229 Terminally misfolded proteins that arise in either of the major 
protein synthesizing and folding compartments, the endoplasmic reticulum (ER) and 
cytosol, can be degraded by the UPS. Misfolded ER proteins targeted to the UPS will first 
have to be exported from the ER, a process called ER associated degradation (ERAD).230 
The crucial function of protein degradation is illustrated by the crosstalk between the UPS 
and autophagy. In case of proteasome impairment or of increased demand for degradation 
during ER stress, autophagy is triggered (ER activated autophagy, ERAA), indicating 
that the two proteolytic pathways used by the ER are tightly coupled.231,232 Although in 
several experimental setups it has been shown that inhibition of proteasome activity leads 
to increased autophagy, the reverse has not been shown to date. In contrast, inhibition 
of lysosomal activity was shown to inhibit proteasomal flux 233,234, suggesting that the 
proteasome does not provide a back-up system for the autophagy/lysosomal system. 
This may relate to a specific function for autophagy in the proteolysis of substrates that 
are undegradable or inaccessible by the proteasome. The restrained environment of the 
catalytic core of the proteasome restricts UPS proteolysis to monomeric and unfolded 
proteins. To facilitate unfolding proteins before feeding them into the catalytic chamber of 
the proteasome, the assistance of proteins like the AAA-ATPase P97/Valosin containing 
protein (VCP) is required.235,236 For proteins that can not be unfolded or that are aggregated, 
autophagy provides a degradational pathway. In addition, proteins that are trapped in the 
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ER and thus are inaccessible to the UPS, may be disposed of via an autophagic process 
where parts of the ER are engulfed by an autophagophore: ER-phagy.237 

Impaired proteasome function induces the formation of aggresomes in vitro. These are 
ubiquitin positive aggregates that are concentrated at the microtubule organizing center via 
transport along the microtubules. The formation of aggresomes may facilitate autophagy, 
by transport of aggregated proteins and proteolytic machinery to the same location in 
the cell.238 It is important to note that aggresomes or aggresome like induced structures 
(ALIS) are to date only observed in vitro in the presence of proteasome inhibitors and 
that it is not shown that these structures are precursors to the inclusion bodies found 
in neurodegenerative diseases. However, they may provide insight in the defence 
mechanisms activated in response to inadequate proteolysis. In support of the validity 
of aggresomes to model certain aspects of disease related inclusion bodies, a proteomic 
analysis of aggresomes induced by proteasome inhibition demonstrated overlap with 
proteins identified in Lewy bodies (LBs).239 

An important bridging factor between the UPS and autophagy is p62/SQSTM1. P62 
functions as an adaptor between polyubiquitin and LC3, mediating possible crosstalk 
between the two proteolytic machineries.240,241 Isolated p62 can bind K48 chains, but there 
is evidence that suggests it preferentially binds K63 chains in the cellular environment.169,242 
K63 linkage has been implicated in targeting of proteins for autophagy.193 In agreement 
with that, large sized p62 positive aggregates can be degraded by autophagy and p62 is 
required for ALIS removal.241 The levels of p62 itself are controlled by autophagy and 
thus inhibition of autophagy increases p62 levels.243,244 This in itself may be central to the 
function of p62 in sensing proteostatic stress, as increased levels of p62 induce inclusion 
body formation.240,241 As mentioned above, inhibition of autophagy impairs UPS flux. 
Interestingly, this can be rescued by reduction of p62 levels using siRNA, suggesting that 
the binding of p62 to polyubiquitinated proteins actively inhibits proteasomal degradation 
under these conditions.233 One of the proteins of which the proteasomal degradation is 
inhibited by p62 is LC3, a major player in autophagy as discussed previously.245 This 
would suggest that increased p62 binding to aggregated proteins increases autophagy 
via stabilization of LC3. In this way LC3 may play an important role in p62 mediated 
proteolytic crosstalk as well. Other adaptor proteins exist that perform a p62 like function, 
for example the neighbour of Brca1 (NBR1) protein 246, but their exact roles are not 
entirely clear. They may act in a cell type specific manner; however, a function for NBR1 
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in neurons has not been shown yet. Recent studies have identified autophagy-linked 
FYVE protein (Alfy) as an important regulator in autophagy that interacts with p62, 
Atg5 and phosphatidylinositol 3-phosphate (PI3P) in target recognition of ubiquitinated 
aggregates.247 Interestingly, activation of Alfy involves translocation from the nucleus to 
the cytosolic compartment. In earlier work, Alfy was already shown to be translocated 
in response to proteasome inhibition.248 This is an effect also observed for p62, and the 

shuttling of Alfy was demonstrated to be dependent on p62.249 This indicates that 

Alfy is also involved in crosstalk between the UPS and autophagy. Another factor 

Figure 3: Crosstalk between the UPS and the autophagy/lysosomal system and the role of p62. The 
UPS and the autophagy/lysosomal system are both involved in degrading ubiquitinated proteins. 
Under physiological conditions they preferentially degrade K48 or K63 ubiquitinated proteins, 
respectively. However, under periods of stress, e.g. the UPR or the cytosolic heat shock response, the 
autophagy/lysosomal system can degrade substrates that were originally targeted to the UPS. During 
stress, proteins accumulate and could potentially be hazardous if they are not quickly degraded. The 
ubiquitin binding protein p62 functions as a bridging factor between the UPS and the autophagy/
lysosomal system. P62 preferentially binds K63 polyubiquitinated proteins (1) and promotes the 
formation of aggregates (2) that are subsequently degraded by the autophagy/lysosomal system. P62 
can also bind K48 polyubiquitinated proteins (3) and can divert them to the autophagy/lysosomal 
pathway when they are not effectively cleared by the proteasome. The levels of p62 are regulated by 
the autophagy/lysosomal system (4) and binding of p62 to K63 polyubiquitinated targets stabilizes 
LC3, hereby stimulating autophagy (5). In addition, p62/K63 complexes inhibit the proteasomal 
degradation (6). Inhibition of the proteasome activates autophagy (7), but the reverse has not been 
demonstrated (8). This indicates that the autophagy/lysosomal system functions as a backup to the 
UPS and is activated when this system is incapable of coping with the protein load.
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that connects the UPS and autophagy is the microtubule associated histone deacetylase 
(HDAC) 6 that binds to K48 polyubiquitin as well as to dynein motors. It accumulates in 
aggresomes following proteasome inhibition and it was suggested that it contributes to 
aggresome formation via microtubule dependent transport.238,250 Inactivation of HDAC6 
shows that it is required for autophagy 251, leading to the idea that the interaction with the 
dynein motor facilitates transport of autophagy components. 

In summary, autophagy provides a second line of defence if the UPS is not able to solve 
the problems. Crosstalk between the two systems is mediated by (possibly specific) 
ubiquitin linkages and adaptor proteins. The p62 protein is located at a central position 
to sense disturbances in proteostasis. Figure 3 illustrates the central role of p62 in the 
crosstalk between the UPS and the autophagy/lysosomal system.

Stress pathways
Disturbances in proteostasis activate stress sensing signalling pathways that regulate factors 
to restore homeostasis. In the cytosol the accumulation of misfolded proteins initiates the 
heat shock response by titrating chaperones away from heat shock transcription factor 1 
(HSF1), which then translocates to the nucleus, where it activates transcription of heat 
shock responsive genes, including chaperones.252 One of the major chaperones induced 
by the heat shock response, Hsp70, influences lysosomal integrity and function, and could 
thereby affect autophagic flux.253 This is corroborated by the recent development of a 
small molecule inhibitor of Hsp70, which disrupts autophagic clearance and enhances 
aggregate formation.254

Accumulation of misfolded proteins in the ER results in activation of the UPR, which 
comprises a more complex signalling network. The mechanistic details of the UPR are 
elaborately described in Chapter 1 of this thesis. Another pathway that was reported to 
be activated in response to ER stress is the ER overload response (EOR).255 This involves 
activation of the NF-κB transcription factor, which is one of the major inducers of inducible 
proteasome subunit expression. This in combination with the different catalytic activity 
of the inducible proteasome and its reported localization at the ER membrane prompted 
our lab to study whether the inducible proteasome is regulated by ER stress.256 We found 
no evidence for upregulation of the inducible proteasome by ER stress in neuronal cells. 
We could not detect activation of the EOR in response to ER stress suggesting that this 
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response may be a specific function in cells of the immune system that is not operant in 
neuronal cells. It appears that regulation takes place at the level of factors that facilitate 
degradation rather than activation of the proteolytic machinery itself. Our own work 
(Chapter 4) indicates that overall proteasomal activity is not increased by activation of 
the UPR in neuronal cells.256 Figure 4 gives a schematic overview of the influence of the 
stress pathways on the cellular proteolytic machineries.

Proteolysis in neurodegenerative diseases
Several neurodegenerative disorders are characterized by the accumulation of insoluble 
cytoplasmic or nuclear aggregates, implicating an insufficiency in the capacity of 
proteolysis. Impairment of the UPS or the autophagy/lysosomal system is therefore 
an important contributor to disease pathogenesis. This may be primary or secondary 

Figure 4: Schematic overview of the effect of stress responses on cellular proteolysis. The UPR 
influences the cellular proteolytic system by enhancing expression of molecular chaperones 
(e.g. BiP) and components of the ERAD and autophagy/lysosomal pathway. This is achieved by 
signalling via ATF6, IRE1 and PERK and the transcriptionfactors XBP and ATF4. Increased XBP1 
expression and XBP1 deficiency differentially affect the degradational pathways. An alternative 
ER stress pathway, the EOR, signals via NF-κB and could lead to increased inducible proteasome 
subunit expression. In the cytosol, the heat shock (HS) response increases expression of molecular 
chaperones via the HSF1 transcription factor, leading to increased unfolding and thereby facilitation 
of degradation. The HSF1 responsive Hsp70 chaperone specifically enhances the autophagy/
lysosomal pathway. 
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Table 1: General characteristics of the tauopathies, synucleopathies and polyglutamine expansion 
disorders. This table lists the different neurodegenerative disorders that are associated with tau, 
α-synuclein or polyglutamine pathology. These disorders differ in the appearance of the pathology, 
brain areas affected and/or the association with specific mutations.

Disease Pathology Affected brain areas Mutations
Tauopathies
Alzheimer’s 
disease 

Extracellular Aβ deposits
NFT, NP, NT 8

Early involvement transenthorinal 
region, subsequent progression 
into limbic areas and neocortex 8

APP, PS1, 
PS2 257-261

Pick’s disease PB, inclusions in glial cells 110, 262 Frontal and temporal lobes

Progressive 
supranuclear 
palsy

Diffuse cytoplasmic aggregates 
in neurons, globose type NFTs, 
inclusions in tuftshaped astrocytes, 
coiled bodies in oligodendrocytes 
108-110

Basal ganglia, brainstem, cerebral 
cortex, cerebellum, spinal cord

Corticobasal 
degeneration 

Diffuse cytoplasmic aggregates in 
neurons, NFT, NT, astrocytic plaques, 
coiled bodies in oligodendrocytes 
110, 263

Predominantly motor cortex, 
basal ganglia, diencephalon, 
brainstem

Frontotemporal 
dementia 
associated with 
chromosome 17

PB or NFT depending on the MAPT 
mutation, astrocytic inclusions and 
coiled bodies 263-265

Most severe in frontal lobe (grey 
and white matter), basal ganglia, 
substantia nigra and hippocampus

MAPT 264

Synucleopathies
Parkinson’s 
disease 

Neuronal LB composed of  
α-synuclein 266-271

Predominantly basal ganglia 
(substantia nigra), progression 
into the midbrain and cortex

SNCA 270, 

272, 273

PARK2 
274, 275

Dementia with 
Lewy bodies 

Neuronal LB composed of  
α-synuclein 269

Cerebral cortex, substantia nigra SNCA 269

Multiple system 
atrophy 

Oligodendroglial cytoplasmic 
inclusion bodies composed of 
α-synuclein and tau 269

Predominantly in putamen, 
caudate nucleus, substantia nigra, 
locus coeruleus, pontine nuclei, 
inferior olivary nucleus, Purkinje 
cells of the cerebellar cortex

Polyglutamine disorders
Huntington’s 
disease 

Neuronal intranuclear and cytoplasmic 
inclusion bodies composed of 
huntingtin protein/ polypeptides 276, 277

Predominantly basal ganglia HTT 276

Spinocerebellar 
ataxia 1-3, 6-7 
and 17

Neuronal intranuclear inclusions of 
expanded polyglutamine containing 
proteins/ polypeptides 278

Predominantly cerebellum ATXN-1, 
-2, -3, 
CACNA1α, 
ATXN-7 
and TBP, 
respectively 
278 

Dentatorubral 
pallidoluysian 
atrophy 

Neuronal and glial intranuclear 
inclusions 278

CNS, spinal cord ATN1 278

Spinobulbar 
muscular atrophy 
278

Neuronal intranuclear inclusions 278 Lower motor neurons AR 278



47

General introduction II

to disease pathology which has important implications for therapeutic approaches. In 
the following section we discuss neurodegenerative disorders based on three reactive 
proteins commonly found in the inclusions; tau, α-synuclein and polyglutamine. Some 
general characteristics of the aggregates in these diseases are summarized in Table 1.

Tauopathies 
Tau pathology is observed in several neurodegenerative disorders including AD and 
frontotemporal lobar degeneration with tau pathology (FTLD-tau). The tauopathies 
are extensively described in Chapter 1. Here we discuss tau and tau pathology in 
relation to its proteolysis. Tau is involved in microtubule stabilization and the dynamic 
phosphorylation and dephosphorylation of tau by kinases and phosphatases regulates its 
binding to the microtubules. In tauopathies hyper phosphorylated tau (p-tau) accumulates 
in insoluble cytoplasmic inclusion bodies. Tau isoform composition, cellular and regional 
distribution and the morphology of the inclusions vary in each disorder.279 The most 
prevalent tauopathy is AD, characterised by the intracellular accumulation of p-tau in the 
form of neurofibrillary tangles (NFTs) and the extracellular accumulation of amyloid beta 
(Aβ) in senile plaques. Small oligomeric species of tau or tau fragments 280 are thought 
to be most toxic, whereas the larger aggregates might be protective as they sequester 
the toxic oligomers from important cellular compartments.281,282,122 The majority of data 
discussed in this section deals with AD, however data on FTLD-tau are added if available. 

Tau is degraded by the 26S 283 and the 20S 283,284 proteasome in in vitro degradation assays. 
The use of proteasome inhibitors in cell and animal models leads to tau accumulation in 
some studies 285,286, whereas in others tau levels do not change 287 or are even decreased.288,289 
Furthermore, tau is a substrate for degradation by lysosomal proteases (e.g. cathepsin D) 
in vitro 290 and in tissue slices.291 Perturbation of the autophagy/lysosomal system in an 
inducible tau model also leads to tau accumulation.292 Thus tau appears to be a substrate 
for both proteolytic systems in vivo. In a recent study, Dolan et al. demonstrated that a 

Table 1, continued
Aβ, amyloid beta; NFT, neurofibrillary tangles; NP, neuritic plaques; NT, neuropil threads; PB, Pick 
bodies; MAPT, microtubule associated protein tau; LB, Lewy bodies; CNS, central nervous system; 
APP, amyloid precursor protein; PS, presenillin (1 or 2); SNCA, α-synuclein; PARK2, parkin; HTT, 
huntingtin; ATXN, ataxin; CACNA1α, α1-voltage-dependent calcium channel; ATN1, atrophin-1; 
AR, androgen receptor.
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truncated form of tau, tau∆c, is rapidly degraded by the autophagy/lysosomal system 
whereas full length tau is preferentially degraded by the UPS.293 The tau∆c fragment is 
generated by caspase cleavage, is highly aggregation prone and is postulated to act as a 
seed for the formation of aggregates.293 This further implicates the autophagy/lysosomal 
system as a back up system for the UPS. Soluble tau is targeted to the proteasome via 
ubiquitin dependent and independent mechanisms, whereas aggregation prone and 
oligomeric aggregates of tau, which can not be cleared by the UPS, are efficiently 
degraded by the autophagy/lysosomal system. Mass spectrometry studies find K48 294 
and K63 295,242 polyubiquitin linkages on tau isolated from inclusion bodies. Furthermore, 
immunohistochemistry shows reactivity to p62 296-298, the E3 ubiquitin ligase TNF receptor 
associated factor (TRAF) 6 295 and proteasomal subunits 299,300 in tau positive inclusion 
bodies. This indicates tau is at some point targeted to the UPS and the autophagy/
lysosomal system, but is somehow not degraded. 

A disturbance in the autophagy/lysosomal system is implicated in AD pathology. Electron 
microscopy studies demonstrate that autophagic vacuoles accumulate in the AD brain 
and are mostly absent from controls.301 Interestingly, autophagic vacuoles are already 
found in non-dystrophic neurites in the AD brain. Their numbers increase exponentially 
in dystrophic neurites and in cell bodies of neurons containing paired helical filaments 
(PHF).301 This indicates that a disruption of the autophagy/lysosomal pathway is an early 
and even primary event in AD, which starts before the onset of tau pathology. In addition, 
granulovacuolar degeneration (GVD 302), thought to be a form of disrupted autophagy 303, 
is found in the pyramidal neurons of the AD hippocampus and is also observed in FTLD-
tau.304 A recent study indicates that GVD bodies in AD are positive for markers of late 
stage autophagosomes which have not yet matured into autolysosomes.305 Furthermore, 
alterations in the endocytic pathway are observed in AD. Neurons in susceptible brain 
areas show abnormalities in the size and volume of endosomes.306 The endocytic and the 
autophagy pathway both converge at the level of the lysosome and their accumulation 
in AD is indicative of a disruption of lysosomal degradation. Strikingly, recent data 
show that presenilin-1 (PS1) is required for macroautophagy. Mutations in PS1 are 
responsible for the great majority of familial AD cases. PS1 depletion selectively inhibits 
the macroautophagic degradation of proteins and this was shown to be caused by the 
mislocalization of the v-ATPase v01a subunit. This mislocalization causes impairment 
of lysosome acidification and cathepsin activation. Strikingly, this phenotype was also 
observed in fibroblasts of AD patients carrying PS1 mutations.307 In addition, levels of the 
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autophagy initiating protein Beclin-1 are decreased in mild cognitive impairment (MCI) 
and AD brain, further supporting involvement of the autophagy/lysosomal system early 
in the disease process.308 Heterozygous deletion of Beclin-1 in mice decreases neuronal 
autophagy and results in the disruption of lysosomes. Crossing of Beclin-1 knockout mice 
with APP mice results in the accumulation of extra- and intraneuronal Aβ and neuronal 
loss, indicating that also Aβ is normally cleared via the lysosomal route. Interestingly, 
the loss of Beclin-1 in cell culture leads to an increase in LC3 309, probably because 
this protein is no longer degraded in the autolysosomes. Furthermore, this study shows 
increased levels of LC3 in the AD brain, which is also observed by our lab in neurons that 
show an active UPR (Chapter 4).256 Decreased levels of Beclin-1 combined with high 
numbers of accumulated autophagic vesicles indicates that the autophagy route is active 
in these neurons, but autophagosomes are not sufficiently cleared.

The observation that tau accumulates in ubiquitin positive aggregates that are associated 
with proteasome subunits 299,300, also suggests involvement of the UPS. This is corroborated 
by several studies that reported a decrease in proteasomal activity in the AD brain.310,215 
However, these studies all use end-stage AD material, making it difficult to determine 
whether proteasome inhibition is responsible for or secondary to disease pathology. In 
one study 20S proteasomes isolated from MCI and AD brain show a decreased capability 
of degrading oxidized bovine serum albumin (BSA), even though a clear decrease in 
chymotrypsin-like activity was only observed for proteasomes isolated from AD brain.311 
Strikingly, PHF-tau co-precipitates with proteasome subunits during immunoprecipitation 
and proteasome subunits can be co-isolated with PHF from the AD brain.310 This 
indicates that tau that has not formed an inclusion body is capable of interacting with the 
proteasome and could possibly block degradation of substrate proteins. The formation 
of inclusion bodies might be a protective mechanism to sequester small tau aggregates 
until the cell’s degradational capacity is enhanced. One method by which the UPS might 
be upregulated is by the incorporation of inducible subunits into the 20S proteasome as 
described in the UPS section. It has been shown that the inducible proteasome is capable 
of degrading tau more efficiently compared to the constitutive proteasome in vitro.284 
Enhanced degradation of newly synthesized proteins prevents further accumulation into 
aggregates. Increased levels of the inducible proteasome subunits are found in the AD 
hippocampus 256 and 312, primarily in astrocytes and microglia but also in the pyramidal 
neurons. This indicates that proteasomal degradation is modulated in AD affected areas, 
most probably due to an inflammatory response. 
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Several lines of evidence thus implicate dysfunction of the autophagy/lysosomal system 
and the UPS in tauopathies. Disruption of the autophagy/lysosomal system occurs early 
in disease pathology whereas impairment of the UPS appears to be a later event when 
oligomeric species are already formed. The UPR is activated in pre-tangle neurons in the 
AD brain 2,3 and data from our group show that UPR activation is associated with pre-
inclusion body tau pathology in general (Chapter 3).256 The UPR preferentially activates 
the autophagy/lysosomal system during ER stress to degrade accumulated misfolded 
proteins in the ER Impairment of the autophagy/lysosomal system and activation of 
the UPR both occur early in disease pathology, before inclusions are formed. Increased 
activity of the autophagy/lysosomal system, initialized by UPR activation, could lead to 
a depletion of upstream autophagy related proteins (e.g. Beclin-1) and the accumulation 
of autophagosomes as insufficient amounts of lysosomes and lysosomal proteases are 
present to degrade all substrates. Alternatively, a pre-existing primary disruption of 
lysosomal proteolysis could be exacerbated by UPR mediated activation of autophagy, 
as the system is overwhelmed by substrates. In both cases the neurons are forced to 
form insoluble aggregates as a temporary storage of proteins for later degradation. This 
phenotype is probably enhanced by an age related decline in activity of the autophagy/
lysosomal system.222,223 Evidence indicates that the UPR activates the major tau kinase 
glycogen synthase kinase (GSK) 3β and promotes the phosphorylation of tau.313,314 Up 
to a certain point tau phosphorylation and its release from the microtubules into the 
cytoplasm facilitates transport as steric hindrance of the motor proteins is reduced.315 
In this environment phosphorylated tau might readily aggregate, form oligomeric 
aggregates that impair the UPS, and larger aggregates that are not cleared because of the 
impairment of the autophagy/lysosomal system. Studies done in an inducible tau mouse 
model indicate that, once formed, the NFTs are difficult targets for the cellular proteolytic 
systems. The induced expression of tau in this model leads to cognitive deficits and tau 
accumulation into aggregates. The cognitive deficit is ameliorated when tau expression 
is inhibited. However, at this stage, the NFTs remain and are not efficiently degraded.121

Synucleopathies
The term synucleopathy is used to describe neurodegenerative disorders that are 
characterised by the accumulation of α-synuclein positive cytoplasmic inclusion bodies in 
select populations of neuronal or glial cells.269 These disorders include PD, dementia with 
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Lewy bodies (DLB) and multiple system atrophy (MSA).269 In PD and DLB, α-synuclein 
accumulates in neuronal cell bodies in the form of LBs and in dystrophic neurites. MSA 
shows ubiquitin, tau and α-synuclein positive glial cytoplasmic inclusions associated 
with neuronal loss and gliosis in specific brain regions. PD is the most extensively studied 
synucleopathy and is characterised by the degeneration of the dopaminergic neurons of 
the substantia nigra pars compacta (SNc) with surviving neurons showing accumulations 
of α-synuclein.316-320 In addition to α-synuclein, LBs are immunoreactive for ubiquitin , 
p62 296,321,298, LC3 322,323, LAMP2A 322,323 and components of the 20S/26S proteasome.324,299 
Inhibition of proteasome activity in cell and animal models causes the accumulation of 
α-synuclein positive inclusions resembling LBs.325,326 However, as is the case for studies 
done with tau, these results could not always be repeated in other studies.327 Furthermore, 
macroautophagy and CMA play a role in α-synuclein turnover as inhibition of these 
pathways leads to α-synuclein accumulation in cell culture 328,327 and α-synuclein is found 
in lysosomes in vivo.205 Interestingly, mutations in several genes associated with the cells 
proteolytic machinery are causative of familial PD, reviewed in 275. 

Mutations found in the α-synuclein gene cause a dominantly inherited form of familial 
PD.329,270,273 These mutations increase the propensity of α-synuclein to aggregate and 
form β sheets.330 Several studies indicate that α-synuclein is capable of binding to and 
inhibiting the proteasome. As in tauopathies, oligomeric species of α-synuclein appear to 
be the most toxic. Oligomeric wild type α-synuclein strongly inhibits ubiquitin dependent 
and independent proteasomal degradation in vitro.331,332 Overexpression of A53T mutant 
α-synuclein in PC12 cells decreases proteasome activity as measured by the cleavage of 
fluorescent substrates and by the accumulation of ubiquitinated species.333 In this study, 
small oligomeric aggregates of A53T α-synuclein co-isolate with the 26S proteasome, 
supporting the notion that α-synuclein can interact with and inhibit proteasome activity. 
Treatment with Congo Red or pharmacological inducers of chaperones (both aimed to 
inhibit the aggregation) ameliorates the inhibitory effect of A53T α-synuclein and almost 
completely restores proteasome activity.333 Similar results were obtained when wild 
type or mutant α-synuclein was co-transfected with GFP-CL1 in neuronal SH-SY5Y 
cells.334 Under physiological conditions GFP-CL1 is rapidly degraded by the UPS. Upon 
inhibition of proteasomal degradation GFP-CL1 accumulates and can be visualized. In 
this model transient co-expression of wild type α-synuclein and GFP-CL1 causes a dose 
dependent accumulation of GFP-CL1, indicating α-synuclein is inhibiting GFP-CL1 
degradation. This is in line with observations that increased expression of α-synuclein 
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is sufficient to cause familial PD.272 Accumulation of GFP-CL1 was further exacerbated 
when A53T or A30P mutant α-synuclein was introduced. Combined these studies suggest 
that accumulation of α-synuclein, either by overexpression or the presence of mutations, 
increases its aggregation propensity leading to proteasome binding and inhibition. 
In addition, a mutation in the ubiquitin carboxyl terminal esterase L1 (UCH-L1) is 
associated with familial PD. UCH-L1 is a DUB, is highly expressed in the brain and 
thought to function in maintaining the cellular free ubiquitin pool.335 In vitro experiments 
demonstrate that the deubiquitinating activity of mutant UCH-L1 is decreased compared 
to wild type UCH-L1.336 Under conditions where less ubiquitin is available, substrates are 
less efficiently targeted for degradation and the formation of oligomeric species might 
be favoured. Sporadic PD cases do not show mutations in the disease related genes, but 
do have α-synuclein positive inclusion bodies and diminished proteasome activity in the 
SNc.337 These studies suggest that a disruption in the UPS occurs early in synucleopathies. 
This disruption might be primary as in UCH-L1 mutation carriers. Alternatively, it may 
be secondary in familial cases where the increased formation of oligomeric species 
impairs proteasome function. In sporadic cases both primary and secondary mechanisms 
are likely to play a role. The autophagy/lysosomal system also functions in degrading 
α-synuclein and diminished activity of this pathway probably contributes to its 
accumulation and aggregation. Similar to tauopathies, a decrease in lysosomal markers 
and the accumulation of autophagosome-like structures is apparent in the PD brain.324 This 
indicates an increased burden on the autophagy/lysosomal system that, with age or caused 
by additional factors, can no longer be maintained. Mutations in the E3 ubiquitin ligase 
parkin are associated with autosomal recessive juvenile Parkinsonism (AR-JP).338,271,339 
These mutations lead to a loss of parkin ubiquitin ligase activity and are thought to cause 
a defect in the clearance of its substrates. Strikingly, α-synuclein positive inclusion bodies 
are rarely observed in this type of PD. Parkin is capable of forming K48 340 and K63 
341 polyubiquitin chains but is thought to preferentially mediate K63 polyubiquitination 
in vivo. For example, parkin is involved in K63 polyubiquitination of the α-synuclein 
interacting protein synphillin-1 and enhances the formation of LB like inclusions formed 
by the co-expression of synphillin-1 and α-synuclein.341 In addition, parkin associates with 
functionally impaired and depolarized mitochondria 342, promotes their ubiquitination and 
subsequent degradation by the autophagy/lysosomal system.343 This action was shown to 
be dependent on p62 and HDAC6, proteins involved in targeting substrates to autophagy.
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As indicated above, the inclusion bodies found in neurodegenerative diseases are 
thought to be protective. Loss of parkin might result in decreased formation of inclusion 
bodies, leaving oligomeric species to interact with the proteasome. This could explain 
the early onset of disease in cases carrying familial parkin mutations. Parkin probably 
also plays a role in sporadic PD as it is known that oxidative stress causes misfolding 
and aggregation of wild type parkin in neuronal N2A and SH-SY5Y cells, inhibiting 
its activity.344 Oxidative and nitrative stress is a prominent feature of PD and this could 
lead to a gradual decline in parkin activity. In accordance with this, the parkin substrates 
aminoacyl tRNA synthetase complex-interacting multifunctional protein (AIMP) 2 and 
fuse-binding protein 1 (FBP-1) are found in LBs in sporadic PD.345 

Data generated in our lab show that the UPR is activated in melanin containing neurons 
that show α-synuclein pathology in PD.346 A recent study demonstrates this is also 
observed in MSA; where UPR markers are found in α-synuclein containing glial cells.347 
This indicates a tight connection between α-synuclein and UPR activation and Cooper 
et al. demonstrated that α-synuclein induces ER stress by disrupting ER-Golgi vesicular 
trafficking.150 This is in contrast to tauopathies where ER stress is thought to initiate tau 
hyperphosphorylation and aggregation. 

Polyglutamine expansion disorders
Polyglutamine expansion disorders are characterised by the expansion of a CAG 
trinucleotide repeat in the translated region of a gene which results in the expansion of 
glutamine residues in the corresponding protein. To date, nine polyglutamine expansion 
disorders are known, which include dentatorubropallidoluysian atrophy (DRPLA), 
spinobulbar atrophy (SBMA), spinocerebellar ataxia (SCA) 1–3, 6-7 and 17 and HD, the 
latter being the most numerous and most extensively studied. Cytoplasmic and/or nuclear 
inclusion bodies of disease related protein are observed in neurons in specific brain 
regions in these disorders. Normally the disease related proteins contain polyglutamine 
expansions that range between 6–35 glutamine residues which are required for proper 
protein function, however, expansion of these repeats above a certain threshold leads 
to disease. The onset and severity of the disease depends directly on the length of the 
polyglutamine tract.348 The longer this is, the earlier the disease begins and the more severe 
the symptoms are. For example, the N-terminal huntingtin fragment forms cytoplasmic 
and/or nuclear inclusion bodies if the glutamine expansion exceeds 35 residues. A variety 
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of experiments using proteasome inhibitors indicate that proteasomes are responsible for 
the normal degradation of wild type polyglutamine proteins and the mutant polyglutamine 
expanded proteins.349-351 Li et al. compared the efficiency of the UPS and the autophagy/
lysosomal system in degrading mutant huntingtin in cell and mouse models and observed 
that inhibiting the UPS led to a greater accumulation of mutant huntingtin than inhibiting 
autophagy.352 This suggests that under normal conditions the UPS is the major mechanism 
for degrading polyglutamine containing proteins. Early alterations in the autophagy/
lysosomal system have been reported in several mutant huntingtin knock-in mice.353,354 
However, to our knowledge they are not reported to occur in the diseased human brain.

Polyglutamine inclusions stain positive for K48 and K63 polyubiquitin and components of 
the 26S proteasome including the 20S core and its 19S regulatory complex.355 In addition, 
reactivity against p62 is found in SCA-6 brain, implicating the autophagy/lysosomal 
system at least in this polyglutamine disorder.356 The presence of proteasomes in inclusion 
bodies might indicate they are still recruited due to the ubiquitin signal in the inclusion 
bodies. The eukaryotic proteasome has difficulty in degrading expanded polyglutamine 
stretches and is thought to release them into the cytoplasm 357, possibly to be further 
degraded by cytoplasmic proteases. Peptides containing numerous glutamines are highly 
aggregation prone and their accumulation might quickly lead to the formation of small 
oligomeric aggregates which impair proteasome activity. Filamentous huntingtin, isolated 
from inclusion bodies, selectively inhibits the 26S but not the 20S proteasome.358 Fully 
formed inclusion bodies fail to inhibit 26S proteasome activity, supporting the notion 
that impairment of the UPS is an early secondary event in disease pathology and that 
the formation of inclusion bodies occurs as a protective response. In addition, electron 
microscopy shows an interaction of huntingtin filaments with the 19S regulatory cap of 
the 26S proteasome, again indicating that small aggregates can inhibit the proteasome.358 
Alternatively, it was suggested that polyglutamine fragments remain inside the 20S 
proteolytic barrel and in this manner impair proteasome function. Activation of the UPR 
has been reported in several models in which expanded polyglutamine proteins were 
introduced. In a cell model using mutant androgen receptor (associated with SBMA) 
the UPR was activated and was shown to modulate toxicity of the expanded glutamine 
protein.359 ER stress and impaired ERAD was described in a PC12 cell model expressing 
polyglutamine expanded huntingtin fragments and this was caused by sequestration 
of essential ERAD proteins.360 To our knowledge activation of the UPR has not been 
described in brain material of patients.
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Inducing autophagy in polyglutamine disorder models can reduce the toxicity of the 
expanded polyglutamine protein.361,362 Treatment with rapamycin, an agent that enhances 
autophagy, reduces toxicity in Drosophila and mouse models expressing mutant 
huntingtin.361,363 This opens up therapeutic opportunities for patients suffering from these 
disorders. Interestingly, the autophagy/lysosomal system appears to modulate the severity 
of the polyglutamine disorders. A recent report indicates that the age of onset of HD is 
modulated by autophagy.364,365 A polymorphism in the Atg7 gene (V471A) is associated 
with an earlier disease onset. This indicates that the autophagy/lysosomal system can 
partially take over proteasome function under these circumstances, but when the activity 
of this system becomes compromised due to polymorphism or an age related decline, this 
may lead to further accumulation of polyglutamine fragments. 

Table 2 lists the known disturbances in proteostasis that occur in the above described 
neurodegenerative disorders and categorizes them as being primary or secondary to 
disease pathology. Even though inclusion bodies might appear similar at the end stage, 
the pathways leading to these disorders may be quite different and require different 
therapeutic approaches. 

Therapeutic approaches targeting the UPS and the autophagy/lysosomal 
system
Because the proteasome has a very important role in the regulated degradation of 
proteins, for example in the cell cycle, modulating the activity of the proteasome via 
the catalytic activity does not appear the method of choice. More selective targeting of 
the UPS will decrease side effects. The endogenous activators of the proteasome seem 
a likely target, as they have tissue specific expression.371 The PA28 γ isoform of the 11S 
regulator, REGγ, is predominantly expressed in the brain. It is mainly found in the nucleus 
of neurons and therefore it has been investigated in view of clearing polyglutamine 
aggregates. Since REGγ inhibits the PGPH activity that is involved in cleavage of Gln-
Gln bonds, it was proposed that REGγ may contribute to “clogging” of the proteasome 
by polyglutamine proteins.177 However, deletion of REGγ does not affect inclusion body 
formation or disease parameters 372, so this approach has been abandoned. Since there are 
only a few proteasome regulators, this is probably not the way for specific targeting. A 
better chance of substrate specificity may for example be achieved by activating specific 
ubiquitin ligases, because these target limited numbers of substrates.373 At present this 
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Table 2: Disruption of the UPS and autophagy/lysosomal system in neurodegenerative disorders. A 
disruption in cellular proteolysis can be primary or secondary to disease pathology. This table lists 
the known causes for disruption of proteolysis in tauopathies, synucleopathies and polyglutamine 
expansion disorders. Substrates may accumulate because of a defect in the proteolysis system 
(primary) or accumulation of substrates can inhibit proteolysis (secondary). Disruption of lysosomal 
clearance is a primary feature of tauopathies (e.g. AD), whereas for example inhibition of the 
proteasome by oligomeric species is a secondary effect in disease pathology. In synucleopathies 
both primary and secondary UPS impairment are involved, the autophagy/lysosomal system is only 
secondary involved. The polyglutamine inclusions are primarily caused by changes in the substrate 
proteins. The UPS and autophagy/lysosomal proteolysis are secondarily involved. 

Primary Secondary
Tauopathies Disruption in lysosomes:

- Abnormal size and volume of endocytic 
vesicles in the AD brain 306

- Autophagic vesicles accumulate early in 
AD disease pathology 301

- GVD granules in AD and FTLD-tau 303, 304

- Decreased Beclin-1 levels in AD brain 308

- Increased LC3 levels in Beclin-1-/- cells 
and AD brain 309

- Mutations in PS1 disturb lysosomal 
acidification and cathepsin activation 307

Activation UPR 2, 3, 366

Proteasome activity impaired in 
late stage AD 310, 311, 367, 368

Impairment UPS by oligomeric 
tau species 310, 367

Synucleopathies Mutations in components of the UPS that impair 
targeting of substrates:

- Mutations in DUBs (e.g. UCH-L1) 335, 336

- Diminished activity of E3 ligases (e.g. 
parkin,271, 338-341, 344)

Impairment UPS in SNc of sporadic cases 271

Proteasome inhibition causes nigral degeneration 
and inclusion bodies in rats 325, 326

Impairment of the UPS by 
oligomeric species

- Mutations in α-synuclein 
increase aggregation 
propensity or inhibit 
degradation 272, 273, 329, 330, 

332-334, 369

- Autophagy/lysosomal 
system overwhelmed 
271, 324

Activation UPR 346

Polyglutamine 
disorders

- Impairment UPS by oligomeric 
species of polyglutamine 
expanded proteins and fragments 
350-352, 355, 357, 358

Autophagy/lysosomal system 
overwhelmed 361, 364, 370 

Activation UPR 360

AD, Alzheimer’s Disease; GVD, granulovacuolar degeneration; FTLD-tau, frontotemporal lobar 
degeneration associated with tau positive inclusions; LC3, microtubule associated protein 1 light 
chain 3; PS, presenillin; UPR, unfolded protein response; DUB, deubiquitinating enzyme; UPS, 
ubiquitin proteasome system; SNc, substantia nigra pars compacta.
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is in particular investigated for cancer therapy, where inhibition of the proteasome is 
desired.374 Activation of the ligase activity, which should be the aim in neurodegenerative 
disease strategies, is probably pharmacologically more difficult to achieve, but the field 
may benefit from studies with E3 inhibitors as well as activators.

As indicated before, ubiquitination is a reversible process; DUBs can remove ubiquitin 
from ubiquitinated polypeptides. An increasing number of distinct classes of DUBs have 
been determined (for review see 375). At least 100 genes encode putative members of the 
DUB family raising the opportunity to target DUBs to modulate proteasomal degradation 
more specifically.375 A small molecule inhibitor of the proteasome associated DUB USP14 
was demonstrated to enhance polyubiquitination and thereby proteasomal degradation.376 
The target specificity of USP14 is not entirely clear yet, but treatment with the inhibitor, 
IU1, increases degradation of several proteins involved in neurodegenerative disorders: 
tau, ataxin-3, and TAR DNA-binding protein (TDP) 43. This cell-permeable inhibitor was 
able to protect against oxidative stress toxicity via its effect on proteasomal degradation.376 
Ariclomol is a compound that enhances the heat shock response by stabilizing the activated 
configuration of HSF-1, which potentially would facilitate removal of misfolded proteins 
by the UPS. It has been tested in phase I and II clinical trials for amyotrophic lateral 
sclerosis, but when successful it may also apply to other neurodegenerative diseases with 
cytosolic inclusions.377 

Over the last couple of years a lot of effort was dedicated to employ autophagy in 
combating intracellular aggregates. Stimulation of autophagy can be accomplished by 
inhibiting the mTOR pathway, for example by rapamycin. This has been shown to clear 
disease related aggregates (among which α-synuclein and polyglutamine) in models.361 
Rapamycin interferes with a broad range of cellular pathways and long-term use causes 
considerable side-effects. Small molecule screens have identified specific compounds that 
selectively activate autophagy independent of mTOR and are able to clear disease related 
aggregates.370 In a pragmatic approach, a screen revealed a number of FDA-approved drugs 
that display autophagy enhancing effects 378 and both approaches may hold a promise for 
the future. Activation of the UPR induces autophagy and may present another signalling 
pathway to enhance autophagic clearance. Pharmacological enhancement of the PERK 
signalling route is possible using derivatives of the compound salubrinal, which inhibits 
eIF2α dephosphorylation.379 Also interference with one of the other signalling pathways, 
the ATF6 and IRE1 routes, may be beneficial. However, as indicated above, the exact 
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signalling pathway of the UPR to autophagy is not fully elucidated yet and more research 
is required to enable selective targeting.

It is important to balance autophagic activation, because overactivation may negatively 
affect neurons: enhanced autophagy contributes to the degeneration of neurites.380,196 
More subtle ways of intervention are subject of investigation. Recently, phosphorylation 
of LC3 was shown to be an effective way to inhibit adverse effects of autophagy.381 
Another approach may be to enhance targeting of substrates to autophagosomes, as 
was demonstrated by increasing the acetylation of mutant huntingtin via inhibition of 
deacetylases.382 Here it was shown in cell models and C. elegans that acetylation induced 
clearance of the aggregates via autophagy results in neuroprotection. Deacetylase 
inhibition at present is not sufficiently specific, and also other protein substrates will be 
targeted for autophagy. More specific drugs need to be developed before application in 
clinical trials can take place. It is important to realize that enhancement of autophagy 
may not be helpful if the problem lies at the level of the lysosomal degradation, in that 
case the situation could aggravate if autophagy is activated. In AD for example there 
is an accumulation of autophagosomes, suggesting that the problem lies downstream 
of autophagy. So restoration of the lysosomal system may therefore represent another 
therapeutic option. This kind of treatment could try to restore lysosomal function by 
supplementing endogenous lysosomal activity or by introducing new enzymes derived 
from soil micro-organisms that can degrade the accumulation prone material.383 
Supplementing endogenous lysosomal activity has been done successfully for several 
lysosomal storage diseases.384,385 Supplementation can be done either by direct injection 
of the recombinant purified enzyme or by means of gene therapy. However, a specific 
therapeutic difficulty is that for the treatment of neurodegenerative disease these enzymes 
need to be delivered to lysosomes in the brain and will have to cross the blood-brain-
barrier. 

Lysosomal membrane permeabilization (LMP) causes the release of the cathepsins and 
other hydrolases from the lumen of the lysosome into the cytosol and has been implicated 
in cell death.386 Moreover, as a result of this LMP there will be a decrease in the 
amount of lysosomes in the cell. In experimental PD it was shown that accumulation of 
autophagosomes was caused by abnormal lysosome permeabilization leading to depletion 
of the lysosomes.323 Preventing LMP by stabilization of the lysosomal membrane might 
therefore represent another therapeutic option. Recently endocannabinoids have been 
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shown to stabilize the lysosomes against the toxic effect of Aβ.387 This indicates that more 
research into the exact causes of the proteostatic disturbances in the different diseases is 
pivotal for the development of viable therapeutic strategies. 

Figure 5: Proteostasis under physiological and pathological conditions. A: Under physiological 
conditions substrates are degraded by the UPS or the autophagy/lysosomal system. Targeting of 
substrates is accomplished by specific combinations of E2/E3 ligases which facilitate K48 or K63 
polyubiquitination, respectively. B: Proteostasis can be disturbed at a number of points within the 
degradational pathways. Mutations in substrates can hinder their degradation. Mutations in specific 
E2 or E3 ligases can lead to diminished or disrupted ubiquitination, allowing substrates to escape 
degradation. Proteostasis is further diminished by an age related decline in proteasomal activity and 
lysosomal degradation. Eventually, this may lead to the accumulation of oligomeric species and 
inclusion bodies (disease pathology), which may further inhibit proteolysis. Therapeutic approaches 
can be used to enhance proteolysis; the specific sites are numbered within the figure. Specific 
ubiquitination of target proteins can be enhanced (1). Several ubiquitin ligases recognize protein 
modifications and promoting these modifications can lead to targeting of substrate proteins. Specific 
drugs can be used to enhance the UPS (2), the formation of autophagosomes ((3), e.g. rapamycin) 
and their clearance by lysosomes ((4), e.g. lysosomal substitution). Oligomeric inclusion bodies may 
be preferentially targeted to the autophagy/lysosomal route (5) before inclusion bodies are formed. 
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Concluding remarks
In this review we discussed the involvement of the UPS and the autophagy/lysosomal 
system in the degradation of aberrant proteins in tauopathies, synucleopathies and 
polyglutamine disorders. Even though the end products in these diseases are remarkably 
similar (inclusion bodies that are reactive to components of the UPS and the autophagy/
lysosomal system) upstream events that lead to their formation can be quite specific. 
Disturbances in proteostasis can be primary or secondary to disease pathology and this 
determines the therapeutic approaches that can be used. In Figure 5 we give an overview 
of the proteostasis network during physiological and disturbed conditions and indicate 
where therapeutic approaches might be beneficial to restore proper proteostasis. 

It is important to note that the use of specific therapeutic approaches depends on whether 
the disruption of proteolysis is primary or secondary (Table 2). The primary disruption 
of the autophagy/lysosomal pathway, as is the case in AD, is unlikely to benefit from 
enhancing autophagy, because the defect is at the level of the lysosome. In this case a 
more sensible approach may be to target the lysosome directly or to stimulate the UPS. 
In synucleopathies impairment of the UPS can be primary, caused by mutations in the 
proteolytic pathway, or secondary due to aggregation promoting or degradation escaping 
mutations in α-synuclein. Impairment of the autophagy/lysosomal system is secondary 
in synucleopathies and enhancing this pathway might prove beneficial. Polyglutamine 
expansion disorders are primarily caused by mutations in the substrate proteins, which 
enhance their aggregation propensity. In these disorders impairment of the UPS and the 
autophagy/lysosomal system are secondary to disease pathology and enhancement of one 
or both systems might decrease toxicity. 
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Aims and outlines of this thesis
We previously observed activation of the unfolded protein response (UPR) in Alzheimer’s 
disease (AD) in neurons in close association with phosphorylated tau (p-tau). This 
suggests a close association between the UPR and tau pathology in AD. The general aim 
of the studies described in this thesis is to elucidate the role of UPR in tau pathology and 
investigate the functional connection between UPR activation and tau phosphorylation.

To support the involvement of the UPR in tau pathology, UPR activation was investigated 
in other neurodegenerative disorders associated with tau pathology, including PiD, PSP 
and familial FTDP-17. We found a strong association between UPR activation and early 
tau pathology in all studied tauopathies. These data demonstrate that UPR activation is 
strongly connected with the accumulation and aggregation of p-tau in general (Chapter 
3). 

The accumulation of insoluble aggregates in neurodegenerative disorders suggests a 
disruption in cellular proteolysis. We hypothesized that the UPR is employed to enhance 
cellular proteolysis. The effect of the UPR on the ubiquitin proteasome system and the 
autophagy/lysosomal system was investigated and is described in Chapter 4. Our findings 
indicate that autophagy is the major degradational pathway following UPR activtation in 
neuronal cells. 

Our data indicate that the UPR is an early event in tauopathies that is strongly associated 
with tau pathology. In Chapter 5 we investigate the connection between the UPR and tau 
phosphorylation in in vitro and in vivo model systems. Our data indicate UPR activation 
lies upstream of tau pathology. In Chapter 6 we describe that the UPR increases activity 
of the major tau kinase glycogen synthase kinase (GSK) 3 via the lysosomal degradation 
of inactive GSK-3. 

Chapter 7 gives a summary and general discussion of the findings presented in this thesis 
and describes options for therapeutical modulation of the UPR. 

Aims and outlines of this thesis
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Abstract 
The unfolded protein response (UPR) is a stress response activated upon disturbed 
homeostasis in the endoplasmic reticulum (ER). Previously, we reported that the 
activation of the UPR closely correlates with the presence of phosphorylated tau (p-tau) 
in Alzheimer’s disease (AD). Next to increased presence of intracellular p-tau, AD brains 
are characterized by extracellular deposits of b amyloid (Ab). Recent in vitro studies 
have shown that Aβ can induce ER stress and activation of the UPR. The aim of the 
present study is to investigate UPR activation in sporadic tauopathies like progressive 
supranuclear palsy and Pick’s disease and familial cases with frontotemporal dementia 
and parkinsonism linked to chromosome 17 which carry mutations in the gene encoding 
for tau (MAPT). The presence of phosphorylated PKR like ER kinase (pPERK) and 
phosphorylated inositol requiring enzyme 1α (pIRE1), which are indicative for an 
activated UPR, was assessed by immunohistochemistry in cases neuropathologically 
defined as frontotemporal lobar degeneration with tau inclusions (FTLD-tau). Increased 
presence of UPR activation markers pPERK and pIRE1 was observed in neurons and 
glia in FTLD-tau cases, in contrast with FTLD subtypes negative for tau inclusions 
or in non-neurological controls. pPERK and pIRE1 were also prominently present in 
relatively young MAPT mutation carriers. A strong association between the presence 
of UPR activation markers and p-tau was observed in the hippocampus of FTLD-tau 
cases. Double immunohistochemical stainings on FTLD-tau reveal that UPR activation 
is predominantly observed in neurons that show a diffuse staining of p-tau. These data 
demonstrate that UPR activation is intimately connected with the accumulation and 
aggregation of p-tau, and occurs independently from Ab deposits. Our findings provide 
new pathological insight in the close association between p-tau and UPR activation in 
tauopathies.
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Introduction
The unfolded protein response (UPR) is a stress response of the endoplasmic reticulum 
(ER) that is activated if the homeostasis in the ER is disturbed. Three ER transmembrane 
proteins function as stress sensors: PKR like ER kinase (PERK), inositol requiring enzyme 
1α (IRE1) and activating transcription factor (ATF) 6. Under physiological conditions the 
ER chaperone GRP-78/BiP is in complex with these three key proteins, which maintains 
them in an inactive state. ER stress results in the release of BiP from the UPR sensors, 
allowing their subsequent activation. As a consequence of the release of BiP, both PERK 
and IRE1 can form homo-dimers and initiate auto-phosphorylation, which enables the 
activation of the downstream signalling pathway. The ER stress response comprises 
an intricate transcriptionally and translationally regulated signalling network aimed to 
restore protein homeostasis in the ER.388

Most neurodegenerative disorders are characterized by accumulation of aggregated 
proteins, which are thought to be toxic to neurons as they interfere with key cellular 
processes. In Alzheimer’s disease (AD) as well as other so-called tauopathies, like 
progressive supranuclear palsy (PSP) and Pick’s disease (PiD), an important lesion is 
comprised of aggregates of phosphorylated microtubule associated protein tau (MAPT or 
tau).389 The pathological consequence of increased tau phosphorylation could result from 
a loss of normal tau function combined with gain of pathological function of aggregated 
forms of phosphorylated tau (p-tau). Although it remains elusive why tau accumulation 
occurs in sporadic tauopathies, mutations in the gene encoding tau (MAPT) have been 
identified in familial cases with frontotemporal dementia and parkinsonism linked to 
chromosome 17 (FTDP-17). MAPT mutations (e.g. G272V, P301L and L315R) decrease 
the microtubule binding capacity of tau thus making the protein more readily available for 
phosphorylation and subsequent aggregation.390 

Previously, we demonstrated the presence of UPR activation markers in close association 
with p-tau in AD.3 Activation of the UPR is primarily observed in neurons in AD brain 
that show diffuse immunohistochemical staining for p-tau, suggesting that UPR activation 
coincides with early tau pathology before it forms dense aggregates, like neurofibrillary 
tangles. The strong correlation between UPR activation and tau pathology observed 
in AD leads to the hypothesis that UPR activation is involved in the pathogenesis of 
tauopathies. Next to increased presence of intracellular p-tau, AD brains are characterized 
by the extracellular deposits of b amyloid (Ab). Recent in vitro studies show that Aβ can 
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induce ER stress and activation of the UPR.391,392 However, the effect of Aβ on neuronal 
UPR activation remains ambiguous. We have previously shown that while fibrillar Aβ has 
no effect, oligomeric Aβ only induces very low levels of ER stress in vitro.151 How Aβ 
induces ER stress remains elusive. Although UPR activation has previously been reported 
in a couple of cases with PSP and PiD, these studies could not exclude the involvement 
of Aβ in the activation of the UPR.393,366 Studying sporadic and familial tauopathies could 
elucidate the role of Aβ-driven pathology in UPR activation, since in most of these cases 
the presence of Aβ deposits in the brain can be excluded.

At the neuropathological level, frontotemporal dementia is referred to as frontotemporal 
lobar degeneration (FTLD) and can be divided in FTLD-tau, FTLD-TDP and FTLD-
FUS showing respectively accumulation of tau protein, TAR DNA-binding protein 43 
(TDP-43), and FUsed in Sarcoma protein (FUS).12 By definition FTLD-TDP and -FUS 
show no accumulation of tau protein. These FTLD subtypes were included in this study 
to investigate UPR activation in a pathological situation with protein aggregates affecting 
the same brain regions, but not involving tau protein. In this study we show that UPR 
activation markers pPERK and pIRE1 are present in neurons of cases neuropathologically 
classified as FTLD-tau, and not in FTLD-TDP, FTLD-FUS, or non-neurological controls. 
Our results suggest a strong association of UPR activation with early tau pathology in 
tauopathies.

Materials and Methods
Immunohistochemical analysis of post-mortem brain tissue
Post-mortem brain material was obtained from the Netherlands Brain Bank (Amsterdam, 
The Netherlands). All donors or their next of kin provided written informed consent for 
brain autopsy and use of tissue and medical records for research purposes. 

For this study formalin fixed paraffin embedded tissue was selected from non-neurological 
controls, FTLD cases with tau deposits (MAPT mutations, PiD and PSP), as well as 
FLTD cases showing no presence of tau deposits in the neuropathological examination 
but presence of TDP-43 or FUS (Table 1). Sections (5 µm thick) were mounted on 
Superfrost plus tissue slides (Menzel-Glaser, Germany) and dried overnight at 37°C. 
After deparaffinising, endogenous peroxidase activity was quenched using 0.3% H2O2 
in methanol. All primary antibodies and normal sera were diluted in phosphate-buffered 
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Table 1: Cases used for immunohistochemical analysis in this study.

Case NeuroPA 
classification

Clinical diagnosis Age Sex Cause of death PMD Abeta 
imunostaining

1 FTLD-tau
(MAPT G272V)

PiD 54 F Cachexia and 
dehydration

5:40 Negative

2 FTLD-tau
(MAPT G272V)

PiD 54 F Cardiac arrest 7:30 Diffuse plaques in 
GTM

3 FTLD-tau
(MAPT G272V)

PiD 67 F Cachexia and 
dehydration

4:10 Negative

4 FTLD-tau
(MAPT G272V)

FTD 49 M Suffocation 
(unnatural death)

5:10 Diffuse plaques in 
GFM

5 FTLD-tau
(MAPT G272V)

FTD 51 M Pneumonia 4:25 Negative

6 FTLD-tau
(MAPT P301L)

PiD 64 F Unknown 5:10 Diffuse plaques in 
GTM and GFM

7 FTLD-tau
(MAPT P301L)

PiD 66 F Cachexia and 
dehydration

6:40 Negative

8 FTLD-tau
(MAPT P301L)

PiD 46 M Unknown 5:35 Negative

9 FTLD-tau
(MAPT P301L)

PiD 66 M Pneumonia 5:00 Negative

10 FTLD-tau
(MAPT L315R)

Small cell lung 
carcinoma with 
metastasis*

68 F Unknown 5:40 Negative

11 FTLD-tau (PiD) PiD 75 F Pneumonia 6:46 Negative
12 FTLD-tau (PiD) PiD 57 M General 

deterioration
6:40 Negative

13 FTLD-tau (PiD) PiD 70 M Pneumonia 5:15 Negative
14 FTLD-tau (PiD) COPD, multi infarct 

dementia
82 M Pneumonia 4:10 Diffuse plaques  in 

GTM and HIP
15 FTLD-tau (PSP) PSP 75 M Unknown 5:05 Negative
16 FTLD-tau (PSP) PSP 72 F Infection 6:15 Negative
17 FTLD-tau (PSP) PSP 80 M Dehydration, 

uraemia
4:50 Diffuse plaques 

in HIP
18 FTLD-tau (PSP) PSP 67 M Pneumonia 6:45 Negative
19 FTLD-TDP COPD, PiD or AD 67 M Airway infection 5:45 Diffuse plaques in 

GFM and HIP
20 FTLD-TDP

(PGN P300L)
FTD 66 F Cachexia and 

dehydration
5:15 Negative

21 FTLD-FUS PiD 41 F Unknown 5:10 Negative
22 FTLD-FUS FTD and COPD 45 F Septic shock 6:45 Negative
23 CTRL Ruptured abdominal 

aortic aneurysm
66 M Abdominal aortic 

aneurysm 
7:45 Diffuse plaques  in 

HIP and GFM
24 CTRL ovary carcinoma 61 F Euthanasia 6:50 Negative
25 CTRL CVA 80 M Cachexia and 

dehydration
7:15 Negative

26 CTRL CVA 94 F CVA 4:05 Diffuse plaques  in 
HIP and GFM

PMD, post-mortem delay (hours:minutes); CTRL, control case; FTLD-tau, frontotemporal lobar 
degeneration case, associated with tau, TAR DNA binding protein (TDP) or fused in sarcoma 
protein (FUS) positive inclusion bodies; PiD, Pick’s disease; FTD, frontotemporal dementia; 



68

Chapter 3

saline (PBS) containing 1% (w/v) bovine serum albumin (BSA, Boehringer Mannheim, 
Germany). Negative controls for all single- and double-immunostainings were generated 
by omission of primary antibodies. Except for the detection of pPERK, AT270 and Aβ, 
sections were treated in 10 mmol/L pH 6.0 sodium citrate buffer heated by autoclave for 
antigen retrieval (10 min). For the detection of Aβ, sections were pre-treated with formic 
acid for 15 min. For detection of TIAR, sections were pre-incubated for 10 min with 
normal rabbit-serum (DAKO, Glostrup, Denmark). Sections were incubated O/N with 
primary antibodies at 4°C (Table 2). Primary antibodies derived from mouse or rabbit 
were detected using EnVision (DAKO). For detection of TIAR, sections were incubated 
with biotin conjugated rabbit anti-goat (DAKO) and subsequently with streptavidin-biotin 
horseradish peroxidase complex (streptABComplex/HRP, DAKO). Color was developed 
using 3,3’-diaminobenzidine (DAB, DAKO). Sections were counterstained with 
hematoxylin and mounted using Depex (BDH Laboratories Supplies, Poole, England). For 
the substantia nigra (SN) color was developed using 3-Amino-9-Ethylcarbazole (AEC, 
Zymed, San Francisco, CA) after which sections were counterstained with hematoxylin 
and mounted using Aquamount (BDH). 

Table 2: Primary antibodies used in this study.

Antibody Species Antigen Dilution Source
pPERK Rabbit PERK pThr980 1:800 Santa Cruz Biotechnology, Santa Cruz, 

USA
pIRE1 Rabbit IRE1α pSer724 1:25600 Novus Biologicals, Littleton, CO, USA
AT8 Mouse Tau pSer202 and pThr205 1:1000 Pierce, Rockford, IL, USA
AT100 Mouse Tau pSer212 and pThr214 1:6400 Pierce, Rockford, IL, USA
AT270 Mouse Tau pThr181 1:100 Pierce, Rockford, IL, USA
Aβ1-17 Mouse Aβ1-17 1:50 Dako, Glostrup, Denmark
FUS Rabbit RNA-binding protein FUS 1:1600 Sigma, St. Louis, MO, USA
pTDP43 Rabbit TDP43 pSer409/410 1:8000 Cosmo Bio, Tokyo, Japan
TIAR Goat TIAR 1:3200 Santa Cruz Biotechnology, Santa Cruz, 

USA

Table 1, continued
PSP, progressive supranuclear palsy; COPD, chronic obstructive pulmonary disease; CVA, 
cerebrovascular accident; AD, Alzheimer’s disease; MAPT, microtubule associated protein 
tau; PGN; progranulin; GTM, gyrus temporalis medialis; GFM, gyrus frontalis medialis; HIP, 
hippocampus. * patient had no clinical symptoms of dementia.
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For the analysis of pPERK, pIRE1, AT8, AT100 and AT270 staining the amount of 
immunoreactive neurons was counted. The amount of neurons that showed positive 
immunoreactivity was assessed using a 125x magnification field (≈ 0.78 mm2). In the 
hippocampus the amount of immunoreactive neurons was counted in the entire sub-area: 
dentate gyrus (DG), cornu ammonis (CA) 1–4 and subiculum (SUB). For medial temporal 
gyrus (GTM), medial frontal gyrus (GFM), substantia nigra (SN), locus coeruleus (LC) 
and putamen (PUT) the amount of immunoreactive neurons was assessed in 5 fields. 
For all areas the average per field was taken and grouped as follows: 0, no neurons; 1, 
1-5 neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Correlation between 
parameters was assessed using Spearman non-parametric analysis. A p value <0.05 was 
taken as significant.

Double-immunohistochemistry: pPERK and pIRE1 with AT8
For double-immunohistochemistry sections were pre-incubated with normal swine 
serum (DAKO) and subsequently incubated with the pPERK antibody (1:400 dilution) 
or pIRE1 antibody (1:1000) for 1h (RT). After washing in PBS sections were incubated 
with biotin conjugated swine anti rabbit secondary F(ab’)2 (DAKO) for 30 min (RT) 
and subsequently with alkaline-conjugated streptavidin (DAKO) for 60 minutes. Color 
was developed using Liquid Permanent Red (LPR, DAKO) as chromogen. Sections were 
washed in water and subsequently exposed to an antigen retrieval step by treatment in 
10 mmol/L pH6.0 sodium citrate buffer heated by autoclave for 10 min. Sections were 
subsequently washed with PBS and pre-incubated with normal goat serum (DAKO) after 
which sections were incubated with AT8 antibody (1:100 dilution) O/N at 4°C. After 
washing in PBS sections were incubated with HRP conjugated goat anti mouse IgG1 
diluted in 1% BSA/PBS, 10% normal goat serum, 10% normal horse serum (DAKO) 
for 1 hour (RT). Color was developed using DAB and sections were counterstained with 
hematoxylin and mounted using Aquamount (BDH). Sections were analyzed by the 
Nuance spectral imaging system (CRi, Woburn, MA) as described before.3 
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Figure 1: Immunohistochemical detection of pPERK and pIRE1 in FTLD-tau shows different types 
of immunoreactivity. A: No immunoreactivity for pPERK was observed in neurons in CTRL cases. B: 
Neurons from CTRL cases did not show pIRE1 immunoreactivity. C: Neuronal immunoreactivity for 
pPERK was observed in granules morphologically resembling granulovacuolar degeneration (GVD, 
arrows), but also smaller granules were observed (arrowheads). D: Neuronal immunoreactivity 
for pIRE1 was also observed in GVD (arrows) and small granules (arrowheads). E: A subset of 
neurons displayed diffusely distributed immunoreactivity for pPERK. F: Also immunoreactivity 
for pIRE1 could be observed diffusely localized in the soma of the neuron. All images were taken 
from neurons in the CA1 area of the hippocampus. Sections were counterstained with hematoxylin. 
Scale bar: 10 µM.
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Results
UPR markers pPERK and pIRE1 are increased in FTLD-tau
Paraffin embedded brain tissue from 10 MAPT mutation carriers, together with 4 cases 
with PiD and 4 cases with PSP was assessed by immunohistochemistry. pPERK and pIRE1 
were observed in neurons as granules, which morphologically resemble granulovacuolar 
degeneration (GVD), and to lesser extent diffusely distributed in the soma (Figure 1). 
pPERK and pIRE1 were not observed in non-neurological controls. Both the number of 
pPERK and pIRE1 positive neurons, as well as the number of neurons immunoreactive 
for antibodies detecting phosphorylation of tau at different epitopes, AT8, AT100 and 
AT270, was semi-quantitatively scored (Table 3 and 4). 

Figure 2: Immunohistochemical detection of UPR markers and p-tau in FTLD-tau subtypes. A-E: 
Hippocampal CA1 subregion of a control case (CTRL). F-J: Hippocampal CA1 subregion of a 
FTLD-tau case with PiD. K-O: Hippocampal CA1 subregion of a FTLD-tau case with MAPT 
P301L mutation. P-T: Hippocampal CA1 subregion of a FTLD-tau case with PSP. A, F, K, P: 
Immunohistochemical localization of pPERK. B, G, L, Q: Immunohistochemical localization of 
pIRE1. C, H, M, R: Detection of p-tau with AT8 antibody. D, I, N, S: Detection of p-tau with AT100 
antibody. E, J, O, T: Detection of p-tau using AT270 antibody. Arrow indicates the area shown in 
detail in the inset. Sections were counterstained with hematoxylin. Scale bar: 200 µM. Scale bar 
insets: 10 µM.
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pPERK and pIRE1 were observed in all cases that showed prominent presence of p-tau 
immunoreactivity (Figure 2). In all investigated brain areas of FTLD-tau cases the 
presence of UPR activation markers was associated with the presence of p-tau positive 
neurons, except in the SN where tau pathology was observed without marked presence of 
UPR activation markers. Immunoreactivity for pPERK and pIRE1 was most pronounced 
in the granular layer of the dentate gyrus (DG) and in the pyramidal neurons of the cornu 
ammonis (CA) 1 and subiculum (SUB) of the hippocampus, areas that show strong 
p-tau immunoreactivity in most FTLD-tau cases (Table 3). Although pPERK and pIRE1 

Table 3: Average scores of semi quantitative analysis of immunoreactivity in dentate gyrus (DG), 
CA1, and subiculum (SUB).

FTLD-tau

Area Marker MAPT 
G272V 
(n=5)

MAPT 
P301L 
(n=4)

MAPT 
L315R 
(n=1)

PiD
 (n=4)

PSP
 (n=4)

FTLD-
TDP 
(n=2)

FTLD-
FUS 
(n=2)

CTRL 
(n=4)

Average score (minimum – maximum)
DG pPERK 1,8 (1-3) 3,5 (2-4) 2 3,3 (3-4) 0,5 (0-1) 0 0 0

pIRE1a 2 (1-3) 3,5 (2-4) 2 2,6 (2-3) 0,8 (0-1) 0 0 0
AT100 3,2 (1-4) 4 4 4 1,8 (0-3) 0 0 0
AT8 3,2 (1-4) 4 4 4 2 (1-3) 0 0 0
AT270 1,4 (0-3) 1,3 (0-3) 1 3,7 (3-4) 0 0 0 0

CA1 pPERK 1,4 (1-2) 3,5 (3-4) 3 3,7 (3-4) 1,5 (0-3) 0 0 0
pIRE1a 2 (1-3) 3,5 (3-4) 3 3,3 (3-4) 1,8 (1-3) 0 0 0
AT100 3,4 (3-4) 3,8 (3-4) 4 4 2,3 (1-4) 0 0 0,5 (0-2)
AT8 3,2 (3-4) 3,8 (3-4) 4 4 2,3 (1-4) 0 0 0,5 (0-2)
AT270 0,8 (0-2) 1 3 3,7 (3-4) 0,3 (0-1) 0 0 0,3 (0-1)

SUB pPERK 2,4 (2-3) 3,5 (3-4) 3 3,7 (3-4) 1,8 (0-3) 0 0 0
pIRE1a 2,8 (2-3) 3,8 (3,4) 3 3,7 (3-4) 2 (1-3) 0 0 0
AT100 3,8 (3-4) 4 4 4 2,3 (1-4) 0 0 0,3 (0-1)
AT8 3,8 (3-4) 4 4 4 2,3 (1-4) 0 0 0,3 (0-1)
AT270 1,6 (0-3) 1,5 (1-2) 2 3,7 (3-4) 0,3 (0-1) 0 0 0

CTRL, control case; FTLD, frontotemporal lobar degeneration associated with tau, TAR-DNA 
binding protein (TDP) or fused in sarcoma (FUS) inclusion body pathology; DG, dentate gyrus; CA, 
cornu ammonis; SUB, subiculum. Immunoreactive neurons were counted in the entire hippocampal 
subarea. The average per field (0.78 mm2) was taken and grouped as follows: 0, no neurons; 1, 1-5 
neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Shown are average score per group. 
The minimum and maximum are indicated between parentheses. No indication of minimum and 
maximum indicates equal score in all cases or average of 2 cases (FTLD-TDP and FTLD-FUS).
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were observed to a lesser extent in the CA2-4 area, their presence corresponded with the 
occurrence of p-tau (results not shown). Although FTLD-tau cases showed a prominent 
presence of p-tau positive neurons in the gyrus temporalis medialis (GTM), gyrus frontalis 
medialis (GFM), and substantia nigra (SN), few to moderate numbers of neurons were 
observed that showed a presence of UPR activation markers (Table 4). MAPT G272V 
carriers have lower presence of UPR markers in the GTM compared to MAPT P301L 
carriers and sporadic PiD cases. PSP cases showed prominent presence of AT8 and AT100 
positive neurons in the locus coeroleus and putamen. Also in these areas pPERK and pIRE 
could be observed in few to moderate numbers of neurons (results not shown). Together 
these results indicate that the presence of UPR markers corresponds with the presence 
of p-tau in the hippocampus and, to a lesser extent, in cortical areas and lower brain 
regions. To support this observation the correlation between the presence of UPR markers 
and p-tau in FTLD-tau cases was analysed in different brain areas (Table 5). Significant 
correlation coefficients were primarily observed for subareas of the hippocampus in 
contrast to other brain regions. These data suggest that the association between UPR 
activation and the presence of p-tau is stronger in the hippocampus compared to other 
brain regions.
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Table 4: Average scores of semi quantitative analysis of immunoreactivity in gyrus temporalis 
medialis (GTM), gyrus frontalis medialis (GFM), and substantia nigra (SN).

FTLD-tau
Area Marker MAPT 

G272V 
(n=5)

MAPT 
P301L 
(n=4)

MAPT 
L315R 
(n=1)

PiD
 (n=4)

PSP
 (n=4)

FTLD-
TDP 
(n=2)

FTLD-
FUS (n=2)

CTRL 
(n=4)

Average score (minimum – maximum)
GTM pPERK 1 2,25 (1-3) 0 2 (1-3) n 0,5 0 0

pIRE1a 1 1,5 (1-2) 0 1,3 (1-2) n 0,5 0 0
AT100 2,8 (2-3) 3,5 (3-4) 1 3,5 (3-4) n 0 0 0
AT8 2,8 (2-3) 3,5 (3-4) 1 3,5 (3-4) n 0 0 0
AT270 0,6 (0-1) 0,75 (0-1) 0 2,8 (2-3) n 0,5 0 0

GFM pPERK 1 1,3 (1-2) 0 1 n 0 0 0
pIRE1a 1 1,3 (1-2) 0 1 n 0 0 0
AT100 2,5 (2-3) 3,3 (3-4) 3 3,5 (3-4) n 0 0 0
AT8 2,3 (1-3) 3,3 (3-4) 1 3 n 0 0 0
AT270 0,5 (0-1) 0,3 (0-1) 0 1 (0-3) n 0 0 0

SN pPERK 0 0,25 (0-1) 0 0,5 (0-1) 0,5 (0-1) n 0,5 0
pIRE1a 0,2 (1-0) 0,25 (0-1) 0 0 0,3 (0-1) n 0,5 0
AT100 1,4 (1-2) 3 (2-4) 1 2,3 (2-3) 2,8 (1-4) n 0 0
AT8 1,2 (1-2) 3 (2-4) 1 2 (1-3) 2,3 (1-3) n 0 0,3 (0-1)
AT270 0 0,25 (0-1) 0 0,3 (0-1) 0,3 (0-1) n 0 0

CTRL, control case; FTLD, frontotemporal lobar degeneration associated with tau, TAR-DNA 
binding protein (TDP) or fused in sarcoma (FUS) inclusion body pathology; GTM, medial temporal 
gyrus; GFM, medial frontal gyrus; SN, substantia nigra; n, not available. Immunoreactive cells 
were counted in 5 fields of 0.78 mm2. The average per field was taken and grouped as follows: 0, 
no neurons; 1, 1-5 neurons; 2, 6-10 neurons; 3, 11-50 neurons; 4, >50 neurons. Shown are average 
score per group. The minimum and maximum are indicated between parentheses. No indication of 
minimum and maximum indicates equal score in all cases or average of 2 cases (FTLD-TDP and 
FTLD-FUS).
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Table 5: Correlation analysis between UPR markers and p-tau marker in FTLD-tau cases.

Area UPR marker p-tau marker
Correlation coefficient

AT100 AT8 AT270

DG pPERK 0,86 (p<0,001)* 0,85 (p<0,001) * 0,52 (p=0,033)*

pIRE1a 0,85 (p<0,001)* 0,85 (p<0,001)* 0,44 (p=0,079)

CA1 pPERK 0,68 (p=0,003)* 0,74 (p<0,001)* 0,51 (p=0,037)*

pIRE1a 0,66 (p=0,004)* 0,63 (p=0,006)* 0,40 (p=0,107)

SUB pPERK 0,62 (p=0,008)* 0,62 (p=0,008)* 0,67 (p=0,003)*

pIRE1a 0,57 (p=0,017)* 0,57 (p=0,017)* 0,59 (p=0,013)*

GTM pPERK 0,51 (p=0,065) 0,51 (p=0,065) 0,35 (p=0,225)

pIRE1a 0,59 (p=0.027)* 0,59 (p=0.027)* 0,37 (p=0,191)

GFM pPERK 0,00 (p=1,000) 0,42 (p=0,170) 0,00 (p=1,000)

pIRE1a 0,00 (p=1,000) 0,42 (p=0,170) 0,00 (p=1,000)

SN pPERK -0,04 (p=0,883) -0,11 (p=0,654) 0,06 (p=0,827)

pIRE1a 0,24 (p=0,339) 0,35 (p=0,157) -0,20 (p=0,426)

* indicates significant correlation (Spearman non-parametric analysis)

As found in our previous work 3 no pPERK or pIRE1 was observed in cases without 
neurological impairments (Table 3 and 4). Also in the FTLD cases which showed no 
p-tau in the investigated brain areas UPR activation was not detected. The FTLD cases 
negative for tau were classified as FTLD-TDP and FTLD-FUS based on assessment for 
inclusions positive for pTDP-43 and FUS, respectively. The presence of pPERK and 
pIRE1 was assessed in the hippocampus, GTM, GFM and SN. Adjacent sections were 
stained with antibodies directed against pTDP-43, FUS and the stress granule marker 
TIAR to confirm whether disease related pathology occurred in the investigated regions. 
No pPERK, pIRE1 or p-tau was observed in the FTLD-TDP and FTLD-FUS cases in 
the investigated areas (Figure 3). These data strongly support that UPR activation is 
specifically associated with the occurrence of p-tau in FTLD.
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Figure 3: UPR activation does not occur in FTLD-TDP or FTLD-FUS. Shown are images taken from 
the hippocampal DG region. A: Immunoreactivity for pTDP43 is visible as cytoplasmic inclusions 
in the DG of an FTLD-TDP case. B: Inclusions positive for the stress granule marker TIAR were not 
observed in FTLD-TDP. C: No immunoreactivity for p-tau (AT8) was observed in FTLD-TDP. D: 
No immunoreactivity for pPERK was observed in FTLD-TDP. E: No immunoreactivity for pIRE1 
was observed in FTLD-TDP. F: Immunoreactivity for FUS is visible as cytoplasmic inclusions 
in the DG of a FTLD-FUS case. G: TIAR positive inclusions were observed in FTLD-FUS. H: 
No immunoreactivity for p-tau (AT8) was observed in FTLD-TDP. I: No immunoreactivity for 
pPERK was observed in FTLD-FUS. J: No immunoreactivity for pIRE1 was observed in FTLD-
FUS. Arrow indicates the area shown in detail in the inset. Sections were counterstained with 
hematoxylin. Scale bar: 100 µM. Scale bar insets: 10 µM.

Presence of Aβ deposits was determined by immunostaining for all cases and tissue 
sections. In 5/18 FTLD-tau cases a few diffuse Aβ deposits in one or two of the selected 
areas were observed (Table 1). Compact Ab deposits were absent in all cases and 
investigated areas. The remaining 13 FTLD-tau cases were negative for Aβ, therefore it 
can be excluded that Ab pathology contributes to UPR activation in the cases selected for 
this study. 

UPR activation is associated with early tau pathology 
Double immunohistochemistry and spectral unmixing was performed in a subset of our 
cohort (Figure 4). Co-occurrence of pPERK or pIRE1 and p-tau (assessed by AT8) in the 
same neuron was observed in all FTLD-tau cases analyzed (n=10). Neurons displaying 
diffusely distributed p-tau showed pPERK and pIRE1 reactivity whereas neurons 
containing dense p-tau immunoreactive inclusions displayed no or little pPERK or pIRE1 
immunoreactivity. Occasionally a neuron positive for pPERK or pIRE1 but not for AT8 
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Figure 4: Double immunohistochemistry and spectral imaging analyses for pPERK or pIRE1 
and p-tau (AT8) in FTLD-tau. A: Overview of double immunolabelling for pPERK (deep pink) 
and AT8 (brown) in the hippocampus (CA1) of FTLD-tau (PiD). B,C: Detail of pPERK and 
AT8 double immunolabelling in CA1 of FTLD-tau (PiD). D,E: Detail of pIRE1 and AT8 double 
immunolabelling in CA1 of FTLD-tau (PiD). F: Overview of double immunolabelling for pPERK 
(deep pink) and AT8 (brown) in the subiculum of FTLD-tau (PSP). G,H: Detail of pPERK and AT8 
double immunolabelling in the subiculum of FTLD-tau (PSP). I,J: Detail of pIRE1 and AT8 double 
immunolabelling in the subiculum of FTLD-tau (PSP). K: Overview of double immunolabelling 
for pPERK (deep pink) and AT8 (brown) in the hippocampus (CA1) of FTLD-tau (MAPT G272V). 
L,M: Detail of pPERK and AT8 double immunolabelling in CA1 of FTLD-tau (MAPT G272V). 
N,O: Detail of pIRE1 double immunolabelling in CA1 of FTLD-tau (MAPT G272V). pPERK, 
pIRE1 and AT8 signals were spectrally unmixed and are shown separately and merged with artificial 
colours (AT8: green, pPERK/pIRE1: red) for each case. Representative neurons are shown for each 
FTLD-tau subtype. Sections were counterstained with hematoxylin indicated as blue color in the 
merged pictures. Scale bar: 50 µM.



78

Chapter 3

was found (data not shown). FTLD-tau cases with prominent presence of p-tau in cells with 
a glial morphology also showed pPERK immunoreactivity in these cells. Colocalization 
of pPERK with p-tau in glial-like cells was observed in the para-hippocampal area of 
PiD, PSP, and MAPT mutation carriers (Figure 5). P-tau positive glial-like cells displayed 
diffusely distributed pPERK immunoreactivity combined with intensely stained granules. 
Together, these results indicate that UPR activation is associated with early tau pathology 
in FTLD-tau, both in neurons and in glial-like cells.

Figure 5: UPR activation and p-tau (AT8) in cells with glial morphology in the para-hippocampal 
white matter of FTLD-tau. A: Double immunohistochemistry showing pPERK immunoreactivity 
(deep pink) in a subset of AT8 immunoreactive (brown) glial-like cells (indicated with asterisks) 
in FTLD-tau (PiD). B: AT8 and pPERK signals were spectrally unmixed and are shown separately 
and as a merge with artificial colours (AT8: green, pPERK: red). C: Double immunohistochemistry 
showing pPERK immunoreactivity (deep pink) in a subset of AT8 immunoreactive (brown) glial-
like cells (indicated with asterisks) in FTLD-tau (MAPT L315R). D: AT8 and pPERK signals were 
spectrally unmixed and are shown separately and as a merge with artificial colours (AT8: green, 
pPERK: red). Sections were counterstained with hematoxylin indicated as blue color in the merged 
pictures. Arrows in A and C indicate glial-like cells expressed in detail in B and D, respectively. 
Scale bar: 50 µM. 
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Discussion
Previously, we demonstrated the presence UPR activation markers in close correlation 
with p-tau in AD.3 Here we demonstrate UPR activation in cases that can be 
neuropathologically classified as FTLD-tau. We found direct evidence for activation 
of two ER stress sensors: both PERK, that mediates the translational response, and 
IRE1, that induces a transcriptional response, are activated as observed by the increased 
presence of their phosphorylated isoforms. A strong association between the presence 
of UPR activation markers and p-tau was observed in the hippocampus of FTLD-tau 
cases. UPR activation markers are commonly observed in neurons that show a diffuse 
staining of p-tau and are rarely present in the absence of p-tau. Neurons that contain 
densely aggregated p-tau inclusions show no or only very low levels of UPR activation. 
This indicates that UPR activation is specifically associated with early tau pathology in 
FTLD. In addition, we confirm co-occurrence of pPERK and p-tau in cells with a glial 
morphology.366 This indicates that UPR activation also coincides with tau pathology in 
other cell types than neurons. Furthermore, strong UPR immunoreactivity is observed in 
neurons and glial-like cells in the relatively young sporadic tauopathy cases and MAPT 
mutation carriers, and is absent in relatively old control cases. This indicates that overall 
aging effects can be excluded to have a prominent role in UPR activation. 

AD is characterized by the accumulation of aggregated β-amyloid (Aβ). Aggregates of 
Aβ can induce the UPR in vitro 151,392 and may therefore contribute to UPR activation 
and subsequently to tau phosphorylation. In two previously described sporadic PSP/CBD 
cases showing increased presence of UPR markers this is a confounding factor; one of 
the cases presented with AD co-morbidity, whereas Aβ pathology was not excluded in the 
other.366 Of the 18 FTLD-tau cases investigated in this study, only 5 cases show very low 
numbers of diffuse Aβ deposits in the investigated areas. Although the exact trigger(s) for 
activation of the UPR in neurodegenerative disorders remains elusive, the absence of Aβ 
in the majority of FTLD-tau cases excludes a role for Aβ in UPR activation in these cases. 

The data in this study support a functional connection between UPR activation and tau 
phosphorylation. Transgenic mice and in vitro models expressing MAPT mutants do not 
show an increased UPR.394 In contrast, several in vitro studies show that activation of 
the UPR contributes to increased tau phosphorylation.313,395,314 These studies suggest that 
activation of the UPR enhances the phosphorylation of tau, which is corroborated by 
our data. Previously, we have shown that pPERK colocalizes with glycogen synthase 
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kinase 3β (GSK-3β) in AD neurons.3 In vitro studies have shown that activation of the 
UPR induces the activity of GSK-3β, one of the kinases involved in the phosphorylation 
of tau.396,397 This suggests that UPR activation in neurons might directly contribute to 
the phosphorylation of tau, a prerequisite for the formation of tau aggregates. A recent 
genome-wide association study of the genetic risk factors for PSP identified EIF2AK3, 
the gene that encodes PERK.398 This work suggests that perturbation of the UPR can 
influence the risk to develop tau pathology, and supports the hypothesis that the UPR is a 
causal factor rather than a downstream consequence of neurodegeneration. 

Although we assessed a limited number of cases we found no indication that UPR 
activation is involved in FTLD-TDP or FTLD-FUS. TDP-43 and FUS are both DNA/
RNA binding proteins implying that abnormal RNA metabolism plays a role in the 
pathogenesis of these diseases.399 Recently it was reported that FUS is associated with 
stress granules (SGs), cytoplasmic structures that are formed during cellular stress.400,401 
There are some controversies concerning the occurrence of SG markers in FTLD-TDP 
and the involvement of TDP-43 in SG formation.401,402 In contract to FTLD-FUS, we did 
not observe SG marker TIAR immunoreactive inclusions in FTLD-TDP. More extensive 
investigation of different FTLD subtypes is warranted to clarify the role of SGs in FTLD. 
The differential activation of stress pathways associated with protein homeostasis in 
FTLD subtypes could have implications for future therapeutic strategies.153

In FTLD-tau, UPR markers are associated with granules that can be characterized 
as GVD. GVD primarily occurs in the pyramidal neurons of the hippocampus and is 
increased in dementia compared with age-matched control brain.403,404 The occurrence 
of GVD is most extensively reported in AD, but has also been described in PiD and 
PSP.404-406 Granules morphologically characterized as GVD most likely correspond to a 
special type of autophagosome or disturbed autophagic process.303 Recently our group 
has demonstrated that intracellular levels of the autophagy related protein LC3 are high 
in neurons positive for UPR markers and that ER stress preferentially activates autophagy 
(Chapter 4).407,408 It is possible that disturbed autophagic degradation, indicated by high 
LC3 levels, results from prolonged UPR activation. Alternatively, neurons showing the 
presence of GVD may be very sensitive to disturbances in ER homeostasis and quickly 
activate a robust UPR that can easily be detected. 

In conclusion, UPR activation is prominently present in cases that can be neuropathologically 
classified as FTLD-tau, and is undetectable in FTLD cases negative for tau pathology 
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and non-neurological control cases. Our data indicate that UPR activation is specifically 
associated with early tau pathology in FTLD and occurs independent from Ab pathology. 
The prominent presence of UPR activation in the relatively young sporadic tauopathy 
cases and MAPT mutation carriers indicates that overall aging effects can be excluded to 
have a prominent role in UPR activation. Together these data show a strong association of 
UPR activation with tau pathology during the early stages of neurodegeneration.
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Abstract
Protein folding stress in the endoplasmic reticulum (ER) may lead to activation of the 
unfolded protein response (UPR), aimed to restore cellular homeostasis via transcriptional 
and post-transcriptional mechanisms. ER stress is also reported to activate the ER overload 
response (EOR), which activates transcription via NF-κB. We previously demonstrated 
that UPR activation is an early event in pre-tangle neurons in Alzheimer’s disease (AD) 
brain. Un- and misfolded proteins are degraded via the ubiquitin proteasome system 
(UPS) or autophagy. UPR activation is found in AD neurons displaying both early UPS 
pathology and autophagic pathology. Here we investigate whether activation of the 
UPR and/or EOR is employed to enhance the proteolytic capacity of neuronal cells. 
Expression of the immunoproteasome subunits β2i and β5i is increased in AD brain. 
However, the expression of the proteasome subunits is not increased by the UPR or 
EOR. UPR activation does not relocalize the proteasome or increase overall proteasome 
activity. Therefore proteasomal degradation is not increased by ER stress. In contrast, 
UPR activation enhances autophagy and LC3 levels are increased in neurons displaying 
UPR activation in AD brain. Our data suggest that autophagy is the major degradational 
pathway following UPR activation in neuronal cells and indicate a connection between 
UPR activation and autophagic pathology in AD brain. 
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Introduction 
The Alzheimer’s disease (AD) brain is characterized by the accumulation of extracellular 
plaques composed of Amyloid beta (Aβ) and intracellular neurofibrillary tangles (NFTs) 
composed of hyperphosphorylated tau.409 We have previously shown that the unfolded 
protein response (UPR) is activated in AD neurons that contain diffusely distributed 
hyperphosphorylated tau.3 The UPR is a stress response that is activated upon the 
accumulation of mis- or unfolded proteins in the endoplasmic reticulum (ER).2,3 It is 
aimed at restoring homeostasis by attenuating overall protein translation and promoting 
transcription and translation of specific genes involved in protein homeostasis. Another, 
less well studied, ER stress response is the ER overload response (EOR), which signals 
via NF-κB.410,411

The degradation of aberrant ER proteins is mediated by a process termed ER associated 
degradation (ERAD).412 Activation of the UPR induces a number of ERAD related 
genes.413 ERAD involves export of the misfolded proteins via specific channels in the 
ER membrane and subsequent degradation by the cytosolar ubiquitin proteasome system 
(UPS).412 The proteasome 20S catalytic core comprises three catalytically active beta (β) 
type subunits, β1, -2 and -5 which convey peptidyl-glutamyl peptide-hydrolyzing- (PGPH), 
trypsin- and chymotrypsin-like activity. The constitutive β subunits can be exchanged 
for the immuno subunits β1i, -2i and -5i under the influence of NF-κB signalling, for 
example during antigen presentation.171 The immunoproteasome displays slightly altered 
catalytic activity, for example it is capable of degrading tau faster and more efficiently 
in vitro.283 Changes in proteasome activity are reported for several neurodegenerative 
disorders, including AD 311,367 and Parkinson’s disease (PD).325 Systemic administration of 
proteasome inhibitors in rats causes a PD-like phenotype, with α-synuclein and ubiquitin 
positive inclusion bodies and neurodegeneration in the substantia nigra.325 This suggests 
that dysfunction of the UPS can lead to neurodegeneration. Interestingly, an increase in the 
immunoproteasome subunit β1i was observed in the AD brain 312, a change in proteasome 
subunit composition that is associated with increased chymotryptic activity.173,312 This 
could be a response to the accumulation of substrates that require a different proteolytic 
specificity in order to be degraded.

Another major degradational system reported to be activated by ER stress in vitro is 
autophagy.232,414,415 During autophagy a double membrane is wrapped around an organelle 
or protein aggregate and this autophagosome subsequently fuses with a lysosome, forming 
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an autophagolysosome where degradation takes place. Mice deficient for autophagin 
(Atg) 5 191 or Atg7 243 accumulate ubiquitin positive cytoplasmic aggregates and show 
neurodegeneration. Healthy neurons only rarely show autophagic structures, whereas 
many autophagic vacuoles can be observed in AD neuronal cell bodies and dystrophic 
neurites.416 A commonly observed lesion in the AD brain is granulovacuolar degeneration 
(GVD), which is considered to be a disturbed autophagic process.303 It is typically seen in 
the cytoplasm of the pyramidal neurons of the cornu ammonis (CA) 1 and subiculum of 
the hippocampus, sites that also show extensive tau pathology.3 GVD consists of electron-
dense granules surrounded by a clear vacuole that measure 2 – 4 µM in size. The presence 
of GVD in this region of the hippocampus correlates well with the diagnosis of AD. 

The UPR is activated as an early response in neurons in AD and may be a signal to 
enhance the degradational capacity of the affected neuron. Both the UPS and autophagy 
play a role in the degradation of aberrant proteins in neurodegenerative disorders and have 
been implicated in AD. UPR positive neurons in the AD hippocampus are associated with 
early UPS pathology, in the form of ubiquitin positive, p62 negative inclusion bodies, and 
show autophagic pathology in the form of GVD.3 Here we investigate the role of these 
two degradational systems during ER stress in vitro and in human AD brain material. All 
hypotheses tested in this study are visualized in Figure 8A. 

Materials and Methods 
Cell culture, differentiation and treatment
Human SK-N-SH neuroblastoma and HEK293 cells were cultured in Dulbecco’s modified 
Eagle’s medium with GlutaMAX (Gibco BRL, USA) supplemented with 10% fetal calf 
serum (FCS, Gibco BRL, USA), and 100U/ml penicillin (Yamanouchi Pharma BV, 
The Netherlands). SK-N-SH cells were differentiated in culture medium supplemented 
with all trans-retinoic acid (Sigma, USA) in a final concentration of 10μM for 5 days. 
Differentiated cells were treated with 500U/ml γIFN (PBL Biomedical Laboratories, 
USA), epoxomycin, tunicamycin, thapsigargin and 2-deoxyglucose (all Sigma, USA) at 
indicated concentrations for 16h. 
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RNA isolation and cDNA synthesis
For RNA isolation differentiated SK-N-SH cells (5x105/well in a 6-well plate) were 
harvested in TRIzol reagent (Invitrogen, USA) and total RNA was isolated using 
the QIAcube (QIAGEN, The Netherlands). The protocol used was according to the 
manufacturer’s specifications. RNA concentrations and purity were assessed by OD 
measurements at 260 and 280nm on a NanoDrop spectrophotometer (Thermo scientific, 
USA). For cDNA synthesis, 1μg of RNA and 125pmol OligodT12 primer were dissolved 
in a total of 10μl H2O and incubated at 72°C for 10 min. Reverse transcriptase (RT) mix 
was added consisting of 5µl 5x first strand buffer (Invitrogen, USA), 0.5µl SuperScript 
II RNA polymerase (Invitrogen, USA), 10 mM dNTPs and 25mM MgCl2 in a total of 
15µl H20. The mixture was incubated at 42°C for 1h followed by 15 min at 70°C. cDNA 
quality was assessed on 0.8% agarose gel. 

Real-time quantitative PCR
Real-time quantitative PCR (qPCR) was performed using the Light Cycler 480 system 
(Roche Applied Science, USA). Oligonucleotide primers (Sigma, USA) used for qPCR 
are listed in Table 1. Reaction volumes of 5μl contained cDNA, 0.1µM Universal Probe 
Library probe (Roche Applied Science, USA) also listed in Table 1, 0.4µM forward 
primer, 0.4µM reverse primer and 2.5µl 2x LightCycler 480 Probes Master (Roche 
Applied Science, USA). After denaturation for 10 min at 95°C, amplification was 
performed using 35 cycles of denaturation (95°C for 10s), followed by annealing (58°C 
for 15s), and elongation (72°C for 15s). Results were analyzed using the LightCycler 480 
software (Roche Applied Science, USA) version 1.5. 

Western blotting
To obtain lysates, differentiated SK-N-SH cells (2x 105/well in a 12 well plate) were 
scraped in ice-cold lysis buffer containing 1% Triton X-100 and protease inhibitor cocktail 
(Roche Applied Science, USA) in PBS. The lysate (supernatant) was obtained after 
centrifugation at 12 000 x g at 4°C for 8 min. Protein concentration was determined with 
a Bradford protein assay. Equal amounts of protein were analyzed on 8% (BiP, eEF2α), 
10% (Ubiquitin) 12% (β2, β2i, β5i) or 18% (LC3) SDS-PAGE gels and blotted onto PVDF 
membrane (Millipore, USA) using a semi-dry electro blotting apparatus. Blots were pre-
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incubated with 5% non-fat dried milk in PBS-T (0.05% Tween-20, in PBS) for 1h and 
subsequently incubated at 4°C for 16h with primary antibodies. Membranes were washed 
3x for 10 min in PBS-T and subsequently incubated with species specific secondary 
antibodies conjugated to horseradish peroxidase (HRP, dilution 1:2000, Dako, Denmark). 
Reactive protein bands were visualized using LumiLightPLUS Western blotting substrate 
(Roche Applied Science, USA) and a LAS-3000 luminescent image analyzer (Fuji Photo 
Film (Europe), Germany). Results were analyzed using Advanced Image Data Analyzer 
(AIDA) software (Raytest, Germany) version 3.44.035. The primary antibodies and their 
dilution factors that were used in this study are listed in Table 2. 

Table 1: Primers and probes used for qPCR 480 Light Cycler. 

Gene Primers (5’ – 3’) Product size (bp) Probe # 
HC5 (PSMB1) FW: gggtcttaccagagagactcctt

RV: gctccacattctgcatgttc
105 #19

C7   (PSMB2) FW: cctcgaccgatactacacacc
RV: caggatgaagcgtttctgg

73 #25

β1    (PSMB6) FW: ggcggctaccttactagctg
RV: aaactgcacggccatgata

124 #48

β2    (PSMB7) FW: tgataagttgccttatgtcacca
RV: ggcctaaacttatcttcaaatacagc

75 #36

β5    (PSMB5) FW: catgatctgtggctgggata
RV:ttcccttcactgtccacgta

60 #81

β1i   (PSMB9) FW: tcccaggttggaaaccagt
RV: tcaaactccactgccatgat

140 #89

β2i (PSMB10) FW: ggttccagccgaacatga
RV: gcccaggtcacccaagat

83 #31

β5i variant 1, 
(PSMB8.1)

FW: ccctacccacccctgttt
RV: cacccagggactggaaga

69 #1

β5i variant 2, 
(PSMB 8.2)

FW: gttccagcatggagtgattg
RV: tggttcacccgtaaggcact

77 #86

BiP FW: catcaagttcttgccgttca
RV: tcttcaggagcaaatgtctttgt

99 #10

CHOP/ Gadd153 RV: aaggcactgagcgtatcat
FW: tgaagatacacttccttcttgaaca

105 # 21

GAPDH FW: gctgagtccgcagcagg
RV: tgccaacagggagagcaga

78 # 45

Probe numbers refer to numbers in the Roche universal probe library.
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Construction of plasmids
The promoter region 500bp upstream of the transcription start site of the human β2i gene 
was amplified from human genomic DNA. The promoter sequence was derived from 
the genomic sequence database at http:www.ensembl.org (NM_002801). Nested PCR 
was used to maximize the chances of obtaining the correct fragment. The first round 
of amplification was performed using the primers described in Table 3. A thermocycler 
was used to amplify the DNA templates. Reaction volumes of 50µl contained 1x PCR 
buffer (Stratagene, USA), 1mM dNTPs, 2mM MgCl2, 0.25µM reverse primer, 0.25µM 
forward primer, 0.05U/µl HotFire Taq polymerase (Stratagene, USA) and 20µg human 
genomic DNA. The thermocycler protocol consisted of a 5 min denaturation step at 95°C, 
amplification was performed using 35 cycles of denaturation (95°C for 45s), annealing 
(55°C for 1 min) and elongation (72°C for 1 min). Final extension was performed at 72°C 
for 8 min. The nested primers used were extended with an XhoI or HindIII endonuclease 
site (Table 3). PCR reactions were performed as described above, with the exception 

Table 2: Primary antibodies and their sources and use.

Antibodies for Western blot analysis
Antibody Species Mono/ polyclonal Dilution Company 
GRP-78/BiP Goat Polyclonal 1:1000 in 2.5% milk/ PBS-T Santa-Cruz, USA
β2 Mouse Polyclonal 1:500 in 5% BSA/ PBS-T Abnova, Taiwan
β2i Mouse Monoclonal 1:500 in 5% BSA/ PBS-T Abnova, Taiwan
β5i Mouse Monoclonal 1:500 in 5% BSA/ PBS-T Abnova, Taiwan
LC3 Rabbit Polyclonal 1:1000 in 2.5% milk/ PBS-T Novus Biologicals, 

USA
Ubiquitin Mouse Monoclonal 1:1000 in 2,5% milk/ PBS-T Chemicon, USA
eEF2α Rabbit Polyclonal 1:1000 in 2.5% milk/ PBS-T Cell signal, USA
Antibodies for immunocytochemistry
β5i Mouse Monoclonal 1:200 in 1% BSA/ 0.05 % 

saponin/ PBS-T
Abnova, Taiwan

Calnexin Rabbit Polyclonal 1:200 in 1% BSA/ 0.05% 
saponin/ PBS-T

Calbiochem/ 
Merck, Germany

Antibodies for Immunohistochemistry
β2i Mouse Monoclonal 1:100 in 5% BSA/ PBS-T Abnova, Taiwan
β5i Mouse Monoclonal 1:200 in 5% BSA/ PBS-T Abnova, Taiwan
pPERK (Thr980) Rabbit Monoclonal 1:1000 in 5% BSA/ PBS-T Santa Cruz, USA
LC3 Rabbit Polyclonal 1:25600 in 5% BSA/ PBS-T or   

1: 10000 for double immuno 
histochemistry

Novus Biologicals, 
USA

Iba1 Rabbit Polyclonal 1:6400 in 5% BSA/ PBS-T Wako , USA
GFAP Rabbit Polyclonal 1:1800 in 5% BSA/ PBS-T Dako, Denmark
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of a 1 min denaturing step, in a total reaction volume of 50µl. The PCR product size 
was analysed by agarose gel electrophoresis, sequenced and purified using the High Pure 
PCR Cleanup Micro Kit (Roche Applied Science, USA). The β2i promoter fragment was 
digested using the restriction enzymes XhoI and HindIII and subsequently ligated into the 
pGL3-basic luciferase reporter vector (Promega, USA). The β2i promoter NF-κB binding 
site was abolished by site-directed mutagenesis using the QuickChange Site Directed 
Mutagenesis kit (Stratagene, USA), according to the manufacturer’s protocol. Three 
guanines, located in the NF-κB consensus site, were substituted by thymidines, rendering 
the site nonfunctional. The BiP promoter construct used was previously described.417 

Promoter activity assay
For transient transfections, HEK 293 cells (105 cells/well in a 24 well plate) were transfected 
using Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer’s protocol. 
One hundred nanograms of DNA of luciferase reporter construct was cotransfected 
with 1ng CMV-Renilla construct (Promega, USA). Cells were incubated for 16h and 
treated with different concentration of tunicamycin and γIFN for an additional 16h. Cells 
were harvested by scraping into 250µl Passive Lysis Buffer (Promega, USA), vigorous 
shaking for 15 min and 12 000 x g centrifugation at 4°C for 8 min. The sample (20µl) was 
incubated with a Renilla or Luciferase substrate (Promega, USA) and luminescence was 
measured on a GloMax Multi Microplate Multimode Reader (Promega, USA).

Table 3: Primers used for subcloning of the β2i promoter. 

β2i first round primers 5’ - 3’
FW: tttagaaagacccgctct
RV gctaggcttcacgtctgt
Nested primers with endonuclease site 5’ - 3’
FW-XhoI: atactcgagtggtgccctcttgagaga
RV-HindIII cgcaagcttgtacttcctgctttcgct
Site directed mutagenesis primers 5’ - 3’
FW: agcacagagggcacagcaatttacatcacccggttccc
RV: gggaaccgggtgatgtaaattgctgtgccctctgtgct

Endonuclease sites are in italics. Mutated nucleotides are indicated in bold.
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Immunocytochemistry
Differentiated SK-N-SH cells were grown (2x105 cells/well in a 12 well plate) on non-
coated sterile glass coverslips. Cells were washed in ice cold PBS and fixed using 4% 
paraformaldehyde (Sigma, The Netherlands) for 15 min and permeabilized in ice cold 
(-20 °C) methanol (Merck, Germany) for 5 min. In order to block antibody non-specific 
binding the cells were incubated in blocking buffer (0.1% bovine serum albumine (BSA, 
Boehringer, Germany) and 0.05% saponine (in PBS-T, Sigma, The Netherlands) for 
30 min at room temperature. Double staining was performed using antibodies directed 
against β5i and calnexin in blocking buffer at room temperature for 1h (Table 2). Glass 
slides were washed in PBS-T and subsequently incubated with species specific secondary 
antibodies labelled with Cy3 or FITC fluorescent label (dilution 1:200 in blocking buffer, 
Jackson Immuno Research, USA) for 1h. Cells were washed in PBS-T and incubated with 
diamidino phenylindole (DAPI, dilution 1:1000 Sigma, USA) for 5 min. After rinsing in 
PBS the glass slides were air dried, embedded in vectashield (Vector Laboratories, USA) 
and mounted onto glass slides. Imaging was performed using a Leica TCS-SP@ mounted 
on an inverted microscope (Leica, Germany) equipped with a digital CCD camera. 

In-gel proteasome activity assay
SK-N-SH cells (105 cells/well in a 24 well plate) were differentiated for 7 days before 
incubation for 16h in the presence or absence of Tm before addition of Me4BodipyFL-
Ahx3Leu3VS (Me4BodipyFL probe), a close analogue of the BodipyFL probe described 
previously,418 at a concentration of 500nM for 5h, followed by a chase for 1h with MG132. 
The in-gel proteasome activity assay was performed essentially as described.418 In short, 
cells were lysed in ice-cold lysis buffer and equal amounts of protein were separated on a 
12.5% SDS-PAGE gel. In-gel visualization of the labelled subunits was performed in the 
wet gel slabs directly by using the GFP settings (λex 480, λem 510) on the Typhoon Variable 
Mode Imager (Amersham Biosciences).

Immunohistochemistry
Post-mortem brain material was obtained from the Netherlands Brain Bank (Table 4). 
Informed consent is available for each patient. Sections (5µm thick) were mounted on 
Superfrost plus tissue slides (Menzel-Gläser, Germany) and dried overnight at 37°C. For 
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all stainings sections were deparaffinised and subsequently immersed in 0.3% H2O2 in 
methanol for 30 min to quench endogenous peroxidase activity and washed for 5 min 
in PBS. Sections were treated with 10 mmol/L pH 6.0 sodium citrate buffer heated by 
microwave for 10 min for antigen retrieval and subsequently incubated with primary 
antibodies at 4°C for 16h. Antibodies (Table 2) were diluted in PBS containing 1% (w/v) 
bovine serum albumin (BSA, Boehringer Mannheim, Germany). Negative controls for all 
immunostainings were generated by omission of primary antibodies. Sections were washed 
3x for 10 min with PBS and subsequently incubated with HRP labelled α mouse/rabbit 
secondary antibody (Dako REALTM EnVisionTM/HRP Rabbit/Mouse, Dako, Denmark). 
Colour was developed using 3,3’-diaminobenzidine (DAB, 0.1 mg/ml, 0.02% H2O2, 10 
min; Sigma,) as chromogen. Sections were counterstained with hematoxylin and mounted 
using Depex (BDH Laboratories Supplies, UK). For double immunohistochemistry 
with pPERK and LC3 sections were treated as described above to quench endogenous 
peroxidase activity and incubated with the pPERK antibody diluted in PBS containing 
1% BSA at room temperature for 1h. Sections were washed 3x 10 min with PBS and 
subsequently incubated with HRP labelled goat-anti-rabbit secondary antibody (Dako) 
for 1h. Sections were washed 3x 10 min with PBS and colour was developed using DAB 
(0.1 mg/ml, 0.02% H2O2, 10 minutes; Sigma, USA) as chromogen. Development time 
was determined using a single antibody control. Sections were washed with water and 
subsequently treated with 10 mmol/L pH 6.0 sodium citrate buffer heated by autoclave 
for 10 min for antigen retrieval. Sections were washed with PBS for 5 min, preincubated 
with normal swine serum (1:10 in 5% BSA/PBS, Dako) for 10 min and incubated with the 
LC3 antibody at 4°C for 16h. Sections were washed 3x 10 min with PBS and incubated 
with biotinylated swine-anti-rabbit (1:300 in 5% BSA/PBS, Dako) for 1h. Sections 
were washed 3x 10 min with PBS and incubated with streptavidin alkaline phosphatase 
(sAF, 1:100 in 5% BSA/PBS, Dako) for 1h. Sections were washed 3x 10 min with PBS 
and 1x in Tris – HCL buffer (pH 6.8). Colour was developed using liquid permanent 
red (LPR, Dako). Development time was determined using a single antibody control. 
Sections were counterstained with hematoxylin and mounted using Aquamount (BDH 
Laboratories Supplies). A section incubated only with pPERK antibody but developed 
at the LPR step was used as a cross-reactivity control. Double immunohistochemistry 
using β5i and GFAP or Iba was performed as described above with minor modifications. 
Slides were preincubated with normal goat serum (1:10 in 5% BSA/PBS) and incubated 
with both primary antibodies overnight at 4°C. Sections were washed 3x 10 min with 
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PBS and subsequently incubated with HRP labelled goat-anti-mouse (undiluted, Dako) 
and biotinylated goat anti rabbit (1:100 in 5% BSA/PBS, Dako) antibodies. Slides were 
washed 3x 10 min in PBS and incubated with sAF (1:100 in 5% BSA/PBS, Dako) for 1hr. 
Sections were washed 3x 10 min in PBS and developed using DAB  as chromogen. Slides 
were washed in water and in 1x Tris–HCL buffer before developing with LPR. Sections 
were counterstained with hematoxylin and mounted using Aquamount. 

We used the Nuance spectral imaging system (CRi, USA) to analyze the double stained 
sections. Spectral libraries of single-brown (DAB), single-red (LPR) and hematoxylin 

were obtained from control sections. The spectral library was used to unmix the different 
reactions products in the double stained sections into black and white images. These 
images represent the localization of each of the reactions products and were reverted to 
fluorescence-like images composed of pseudo-colours by the Nuance software. 

Results 
Immunoproteasome subunit expression is increased in the AD brain
Previously we reported that UPR activation is predominantly observed in AD 
hippocampus.2,3 Therefore we evaluated expression of the immunoproteasome subunits 
β2i and β5i in this region of a cohort of AD and age matched non-demented controls using 
immunohistochemistry. Both β2i and β5i expression is seen in AD and control hippocampus 

Table 4: Overview of the post-mortem brain material used in this study. 

Case Braak score 
for NFT

Braak score 
for amyloid

Clinical 
diagnosis

Age Sex PMI (h)

1 0 0 CON 57 M 6
2 0 A CON 66 F 5
3 1 A CON 82 F 5
4 2 0 CON 78 M 6
5 3 C MCI 74 M 5
6 3 C AD 69 F 5
7 4 C AD 57 F 5
8 5 C AD 87 M 6
9 6 C AD 57 M 5
10 6 C AD 80 F 6

CON= control case, MCI=mild cognitive impairment, M=male, F=female, PMI=post-mortem 
interval, hours.
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Figure 1: Expression of β2i and β5i immunoproteasome subunits is increased in AD hippocampus. 
Representative immunohistochemical stainings for β2i (A-F) and β5i (G-L) in the hippocampal 
CA1 and CA4 region of a non-demented control Braak 1/0 (CA1 (A,G), CA4 (B,H)), AD Braak 
3C (CA1 (C,I), CA4 (D,J)) and AD Braak 5C (CA1 (E,K), CA4 (F,L)) case. Reactivity to β2i is 
present in neurons, glial and endothelial cells and increases with the Braak stage for NFTs. Double 
immunolabelling shows β5i expression in astrocytes using GFAP as a marker (M) and microglia 
using Iba1 as a marker (N) in AD hippocampus. Nuclei were counterstained with hematoxylin 
(blue). The GFAP/ Iba1 and β5i signals were spectrally unmixed and are shown separately (M/N 
1 and M/N 2, respectively) and as a merge with artificial colours (M/N 3: GFAP/Iba1: red; β5i: 
green). Scale bar: 50 µM.
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in neurons, glial cells and endothelial cells, based on morphological assessment (Figure 
1A-L). Increased β1i reactivity in these cell types in AD and aged hippocampus was 
previously described.312 Here we show a granular pattern of β2i reactivity in neurons, 
of which the intensity increases with Braak stages for neurofibrillary changes. No clear 
association is observed between β2i immunoreactivity in neurons and the local presence 
of Aβ plaques and neurofibrillary changes (data not shown). A moderate increase in 
β5i immunoreactivity in neurons is observed in high Braak stages. However, there is a 
remarkable increase in the number of glial cells that are immunoreactive for β5i in higher 
Braak stages. Double immunolabelling using β5i and a marker for astrocytes (GFAP) or 
microglia (Iba1) shows that β5i is expressed in both astrocytes and microglia (Figure 
1M-N). Our data show that expression of the immunoproteasome subunits is increased in 
the AD hippocampus. 

ER stress: Effects on proteasome subunit expression 
We next investigated whether UPR activation is responsible for the increased expression 
of the immunoproteasome in an in vitro model. Differentiated neuronal SK-N-SH cells 
were treated with increasing concentrations of tunicamycin (Tm) to chemically induce 
the UPR. No change in mRNA levels of the non-catalytic α subunits HC5 and C7 or the 
constitutive catalytic β subunits β1, -2 and -5 is observed after induction of ER stress 
(Figure 2A). Figure 2B shows the UPR is active under these conditions as mRNA levels 
of the UPR responsive genes BiP and CHOP are increased 25.0 fold +/- 5.5 and 18.8 
fold +/- 2.4, respectively. ER stress increases expression of the immuno subunits β5i 
(alternative transcript β5i-1: 3.9 fold +/- 0.4 and β5i-2: 4.1 fold +/- 0.7) and to a lesser 
extent β2i (2.0 fold +/- 0.3). As a positive control for induction of the immuno β subunits 
treatment with γIFN was used (5.9 fold +/- 0.6, 132.0 fold +/- 22.5; and 576.8 fold +/- 
81.3 for β2i, β5i-1 and β5i-2, respectively). The UPR-responsive genes are not regulated 
by γIFN. The β1i subunit is increased by γIFN but is below the detection limit under 
control or Tm conditions in our model and therefore not included in Figure 2A. 

In accordance with our qPCR data γIFN results in increased protein levels of β2i and β5i 
(~35 fold), but not of β2. We find no regulation of the β2i, β5i and β2 proteins levels by 
Tm. The increase in BiP levels indicates that the UPR is active under these conditions 
2 (Figure 2). To exclude effects of different kinetics, we extended the Tm treatment to 
48h, but this did not change the outcome (data not shown). Combined, we find moderate 
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upregulation of the immunoproteasome subunits β2i and β5i at the mRNA level during 
ER stress, but this does not lead to a change at the protein level. 

ER stress does not affect β2i promoter activity
Most UPR regulated genes contain ER stress responsive elements (ERSEs) in their 
promoter. No ERSEs are found in the immuno β subunit proximal promoters, but all 

Figure 2: Effects of ER stress on proteasome β subunit expression. Differentiated SK-N-SH cells 
were treated with γIFN or Tm for 16h. Relative mRNA and protein levels of proteasome subunits 
were determined using quantitative PCR and Western blotting. (A) Normalized mRNA expression 
levels of the proteasome subunits α (HC5 and C7) and β (β1, -2, -5, -2i and -5i) and (B) ER 
stress responsive genes BiP and CHOP. Expression levels were normalized to GAPDH mRNA 
levels. Data are mean ± SD from triplicate observations of a representative experiment. Asterisks 
indicate significant differences compared to control levels (p < 0.05). (C) Western blot analysis with 
antibodies directed against the β5i, β2i and β2 subunits and the ER stress responsive protein BiP. 
Asterisk indicates cross reactivity of the BiP antibody with Hsc70. The expression levels of eEF2α 
are indicated as loading control. Shown are blots from a representative experiment.
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contain a consensus NF-κB site that is expected to be activated by the EOR if it is 
functional (Figure 3A). In order to directly investigate immunoproteasome β subunit 
promoter NF-κB responsiveness and the effect of ER stress on promoter activity, we 
cloned the promoter of β2i upstream of the luciferase gene. The β2i subunit is upregulated 
in AD post mortem material (Figure 1), is upregulated by γIFN in our qPCR and Western 
blot experiments (Figure 2) and contains a consensus NF-κB binding site (Figure 3A). 

Figure 3: ER stress does not increase β5i promoter activity. (A) Representation of binding sites 
for ER stress responsive transcription factors in the promoter regions of the β subunits of the 
proteasome. No classical ERSE binding motifs are identified; in contrast putative NF-κB (p50-p65) 
binding sites are present in the proximal promoter region of all the immuno β subunits. The location 
of the binding site is indicated relative to the transcription start site. (B) Relative activity of β5i, β5i 
NF-κB binding site mutant (β5i ∆NF-κB) and BiP promoters in Hek293 cells. Promoter activities 
were determined using a luciferase-renilla assay as described in the materials and methods section 
in the presence or absence of γIFN or Tm at the indicated concentrations for 16 h. Data are mean 
± SD from triplicate observations of a representative experiment. Asterisks indicate significant 
differences compared to control (p < 0.05).
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Hek293 cells were transfected with the β2i promoter-luciferase construct and treated with 
γIFN or Tm for 16h. The BiP promoter-luciferase construct was used as a control for 
induction of the UPR.417 Activity of the β2i promoter is increased (~2 fold) by γIFN 
but, as expected, there is no change in BiP promoter activity because it does not contain 
an NF-κB element (Figure 3B). Abolishment of the β2i NF-κB binding site by site-
directed mutagenesis prevents γIFN mediated regulation, demonstrating that the β2i 
promoter is responsive to NF-κB and that the NF-κB signalling route is functional in this 
model. In contrast, ER stress induced by Tm has no effect on β2i promoter activity, but 
does (as expected) increase BiP promoter activity (Figure 3B). Although β5i promoter 
responsiveness was not directly investigated, our combined data indicate that expression 
of the immunoproteasome β subunits is not regulated by the UPR or EOR pathways of 
the ER stress response.

ER stress has no effect on β5i subunit localization
Several studies indicate enrichment of the immunoproteasome at the ER membrane 419,420 
which may facilitate rapid degradation of proteins exported out of the ER by ERAD. 
Relocalization in response to a stimulus may therefore present another level of regulation. 
We investigated localization of the β5i subunit in differentiated SK-N-SH cells during ER 
stress. Because the great majority of β subunits is incorporated in proteasome complexes, 
this reflects subunits in actual proteasomes.421 Cells were double-stained using antibodies 
directed against the β5i proteasome subunit and calnexin, an integral ER membrane 
protein (Figure 4). Reactivity to β5i and its colocalization with calnexin is increased 
by γIFN, indicating that the increased β5i protein localizes at least in part to the ER 
membrane. Treatment with Tm does not change the β5i intensity level confirming our 
Western blot data (Figure 2C). In addition, the localization of β5i is not affected by 
activation of the UPR. Although increased immunoreactivity to β2i and β5i is observed 
in AD, our in vitro studies suggest UPR activation is not responsible for this induction. 

ER stress does not increase proteasome activity 
During ER stress the demand for proteolytic activity is increased. We show that the 
proteasome β subunits are not subject to classical ER stress-responsive regulation 
(Figures 2 and 3), nor is relocalization to the ER observed (Figure 4). However, this does 
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not exclude regulation of the proteolytic activity of the proteasome. Using an unstable 
fluorescent substrate a small decrease in proteasome activity was previously observed 
under conditions of ER stress.422 This reporter system has the disadvantage that it depends 
on factors beside proteasome activity (e.g. transcription and translation). This method 
could yield inaccurate results, especially during ER stress, when translation in general 
is inhibited. In order to directly investigate the effect of ER stress on total proteasome 
activity a fluorescent proteasome activity probe was used that covalently binds the catalytic 
subunits of active proteasomes.418 Differentiated neuronal SK-N-SH cells were treated 
with Tm and subsequently incubated with the fluorescent reporter and the fluorescent 
signal for the different subunits was visualized by SDS-PAGE and quantified (Figure 
5A,B). We find no detectable activity of the immunoproteasome. ER stress has little to no 
effect on proteasome activity in our cell model. A decrease in activity is observed at the 
highest concentration of Tm used, however this may be caused by Tm induced toxicity.

Figure 4: ER stress does not influence β5i localization. Differentiated SK-N-SH cells were treated 
with γIFN or Tm for 16h at the indicated concentrations compared to a non-treated control. Shown 
are confocal pictures of the localization of β5i (left hand panel) and calnexin (middle panel) by 
immunofluorescence. An overlay of β5i (red), calnexin (green) and DAPI nuclear counterstain 
(blue) is shown on the right. Scale bar: 20 µM.
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LC3 processing is increased during ER stress
Our data show that the UPS is not upregulated by the UPR. Because during ER stress there 
is an increased presence of misfolded proteins, this may lead to accumulation and toxicity 
if they are not degraded. In contrast to the massive accumulation of polyubiquitinated 
proteins when using proteasome inhibition, different types of ER stress inducers (Tm, 
thapsigargin (Th) and 2-deoxyglucose (2DG)) do not lead to accumulation in neuronal 
cells (Figure 6A, upper panel). This may imply that the proteasome is redundant during 
ER stress, but it cannot be excluded that basal proteasome activity is still sufficient to deal 
with the misfolded protein load during ER stress. In case of the latter, complete inhibition 
of proteasome activity should induce a massive UPR. We have previously demonstrated 
that proteasome inhibition does not induce a robust ER stress response 151, suggesting 
that proteasomal activity is dispensable to resolve ER stress under conditions of UPR 
activation.  

ER stress was previously shown to be able to induce autophagy in vitro.415 To determine 
whether ER stress increases autophagy in our cell model we measured LC3-II levels 
induced by various ER stressors (Figure 6A, middle panel). The amount of LC3-II 
directly correlates with the amount of autophagosomes.423,190 Tm, Th and 2DG increase 

Figure 5: ER stress does not increase proteasome activity. Differentiated SK-N-SH cells were 
treated with indicated concentrations of Tm for 16h and incubated with the Me4BodipyFL 
proteasome activity probe for 5h. (A) Visualization of probe binding after SDS-PAGE using a 2D 
proteomic imaging system shows probe binding to the β2 and β5 subunits predominantly (activity). 
The lower panel is a Western blot of the same samples showing that β2 expression levels are not 
changed by the treatment (protein). (B) Quantification of the fluorescence intensity of the bands in 
the upper panel of (A), corrected for loading by the expression levels of eEF2α (not shown) and 
presented as % of untreated control cells. This reflects the relative activity of the β2 and β5 subunits 
following Tm treatment.
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LC3-II levels and the LC3-II/LC3-I ratio (Figure 6B), indicating that autophagy becomes 
more active under conditions of ER stress. This suggests that autophagy is the preferred 
route for degradation of proteins during UPR activation.

LC3 levels are increased in pPERK positive neurons in the AD brain
The levels of LC3 in AD hippocampus were evaluated using immunohistochemistry. LC3 
reactivity is abundant in hippocampal neurons in AD (Figure 7A) and control subjects 
(data not shown), whereas low intensity is observed in non-neuronal cells. The intensity of 

Figure 6: ER stress induces autophagy and does not lead to increased polyubiquitination. 
Differentiated SK-N-SH cells were treated with ER stressors (Tm, Th and 2DG), γIFN and the 
proteasome inhibitor epoxomycin for 16h and protein levels were analysed by Western blotting. 
(A) Blots showing changes in the level of ubiquitinated (Ub) proteins (upper panel) and LC3-I 
and LC3-II (middle panel) following treatment with ER stressors, γIFN and epoxomycin. The 
expression levels of eEF2α are indicated as loading control (lower panel). Shown are blots from a 
representative experiment. (B) LC3-II/LC3-I ratios determined from (A).
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reactivity to LC3 is increased in AD in neurons showing GVD (Figure 7B,C). The staining 
of LC3 is observed throughout the cell body, but appears more intense at the edges of the 
vacuoles, corroborating that GVD is related to autophagosomes. Occasionally, reactivity 
with the granular material inside the vacuole is observed. We have previously shown that 
UPR activation is associated with GVD in the AD hippocampus 2,3 and therefore used 
double immunohistochemistry with the UPR marker phosphorylated PERK (pPERK) to 
investigate the connection between LC3 and UPR activation. LC3 intensity is increased 
in neurons displaying pPERK reactivity (Figure 7D). These data show a clear correlation 
between UPR activation and the autophagy marker LC3 in human AD hippocampus. 
This corroborates our in vitro data demonstrating that the UPR preferentially activates the 
autophagy pathway and indicates that this response also occurs in vivo.

Figure 7: LC3 levels are increased in pPERK positive neurons in the AD hippocampus. (A) 
Immunohistochemistry showing LC3 levels in hippocampal neurons of a representative AD 
(Braak 4C) case. Shown is a part of the CA1 and subiculum (sub) area. Scale bar: 500 µM. (B,C) 
Magnification of CA1 (B) and subiculum (C) from (A), showing LC3 levels are increased in 
neurons with GVD. (D) Representative double immunohistochemistry staining showing LC3 levels 
are increased in neurons that show pPERK reactivity. Nuclei were counterstained with hematoxylin 
(blue). The LC3 and pPERK signals were spectrally unmixed and are shown separately (D1 and 2, 
respectively) and as a merge with artificial colours (D3: LC3 red; pPERK green). Scale bar (B,C,D) 
25 µM.
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Discussion 
In this study we investigated the effects of ER stress on the two major degradational 
systems in the cell; the UPS and the autophagy pathway, and their relation to AD (Figure 
8).

Increased expression of the immunoproteasome has been found in several neurodegenerative 
diseases (424,312,425, Figure 1). Increased expression of β2i and β5i was observed in affected 
brain areas of Huntington’s disease (HD) patients and mouse model 424, but could not be 
recapitulated in a HD cell model 426, suggesting that a non-cell-autonomous mechanism 
is responsible for this induction. In analogy, we found that NF-κB is not activated by 
the EOR in neuronal cells. In the first report on the EOR, retention of a viral protein in 
the ER induced a robust NF-κB response in Hek293 cells.410 Another study indicated 
that chemical ER stress induction also elicits an NF-κB response.411 However, in our 
study we found no ER stress mediated regulation of the NF-κB responsive subunits of 
the immunoproteasome in Hek293 or neuronal SK-N-SH cells. A small transcriptional 
response to ER stress was observed, however, this was not sufficient to result in increased 
protein levels, indicating that the EOR is not effective in our models. We made use of the 
endogenous β2i promoter that contains a single NF-κB responsive element whereas in the 
previous work a construct containing five NF-κB binding sites was employed. A small 
induction of NF-κB may thus lead to increased activity of this reporter, whereas induction 
of the endogenous β2i promoter will have a higher threshold for transcriptional activation 
and is unlikely to reach the level required to yield changes at the protein level. In addition, 
the earlier studies did not investigate the endogenous proteins, as in our study where we 
found a transcriptional response not affecting the protein levels.

Expression of the immunoproteasome in human brain increases with age.312 Inflammatory 
markers are increased in the elderly brain, providing support for an immune mediated 
increase of the immunoproteasome.427 In the AD brain a myriad of immune responses can 
be observed associated with Aβ deposits, including activation of complement, increased 
levels of proinflammatory cytokines (e.g. IL-1β, IL-6 and TNF-α), activated glia and 
increased NF-κB activation.428,429 

Our data showed intense β2i immunoreactivity in AD pyramidal neurons, but less for β5i, 
whereas both subunits were expressed in glial cells. The β5i subunit is encoded within 
the major histocompatibility class (MHC) II locus. This locus is transcriptionally less 
active in neurons, possibly explaining the low β5i expression levels. Although ER stress 
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is not involved in increased expression of the immunoproteasome, this does not rule out 
a protective effect of the immunoproteasome when it is present. The immunoproteasome 
is capable of degrading tau more efficiently and with fewer intermediate fragments.283 
Increased immunoproteasome levels may therefore attenuate tau aggregation.

Although total proteasome content is unchanged, decreased proteasome activity has 
been reported in AD.311,367 In contrast, a slight increase in activity was observed when 
proteasome complexes were purified.430 Aggregates like Aβ can impair proteasome 
function in vitro 431 and removal of these aggregates by proteasome purification might 
restore proteasome function. Using a direct assay to study proteasome activity we 
demonstrated that UPR activation does not increase proteasome activity in our neuronal 
SK-N-SH cell model. A moderate decrease in proteasome activity, as measured by 
the accumulation of a fluorescently labelled UPS substrate, was previously described 
in MelJuso and Hela cell lines during chemically induced ER stress.422 Because global 
translation is attenuated during ER stress, our activity probe assay gives a more direct and 
therefore more reliable result. We also observed a decrease in activity at higher ER stress 
levels. This may indicate that ER stress contributes to decreased proteasome activity in 
the AD brain. However, caution is warranted as under these conditions toxic side-effects 
may obscure the data. 

Combined, our experiments showed that in contrast to the increased expression of ERAD 
components, UPR activation does not enhance proteasomal capacity in vitro. However, 
ER stress conditions are characterized by the accumulation of proteins in the ER which 
need to be degraded in order to ensure cell survival. The observation that ubiquitinated 
proteins do not accumulate during ER stress suggests that efficient degradation is taking 
place. We have previously shown that inhibition of the proteasome does not induce a 
robust ER stress response, as would be expected if the UPS plays an essential role in 
degrading these proteins.151 This appears to contradict studies showing that proteasome 
inhibition induces cancer cell apoptosis via ER stress. Dividing cells are dependent on the 
proteasome for cell cycle progression and possibly this makes them more susceptible to 
proteasome inhibition than post-mitotic neuronal cells. 

In agreement with other reports 414,415 we found that ER stress increases the LC3-II/LC3-I 
ratio indicating autophagy becomes more active. We demonstrated intense LC3 reactivity 
in pyramidal neurons in both AD and non-demented controls, indicating an important role 
for autophagy in neurons in the human brain. This is in line with observations showing 
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that levels of LC3-I and LC3-II are high in the mouse brain compared to other tissues.432 
Disruption of autophagy causes the accumulation of polyubiquitinated proteins in neurons 
in mouse brain.191,192 The finding that ubiquitin is not only involved in targeting substrates 
to the UPS but is also involved in selective autophagy, supports this hypothesis. 

High LC3 levels might be indicative of a highly active autophagy system and a priming 
of these cells to deal with misfolded proteins via autophagy. However, our antibody 
recognized both LC3-I and -II and thus did not give information about the autophagic 
state in brain. Alternatively, high LC3 levels might be indicative of a disturbed 
autophagic state, in which LC3 accumulates because it cannot be degraded. In addition to 
morphological observations of disturbed autophagy in AD 416, the levels of Beclin-1 are 
decreased in AD brain,308 Therefore, different lines of evidence point to an impairment 
of autophagy in AD neurons. Strikingly, we found high LC3 levels in neurons that show 
disturbed autophagy, demonstrated by the presence of GVD, and had activated the UPR. 
Our data indicate a direct link between UPR activation, autophagy and the occurrence of 
autophagic pathology in vivo. 

If aberrant proteins accumulate to such extent that the UPR is induced, the ERAD process 
might be overwhelmed. In addition, higher amounts of misfolded proteins in the ER may 
more readily form aggregates which cannot be exported. Under these conditions bulk 
degradation of parts of the ER may be a more favourable pathway to restore homeostasis. 
This hypothesis is supported by the fact that ER stress markers are observed in GVD in 
AD and that these neurons display high levels of the autophagy marker LC3. It remains 
elusive whether autophagic pathology arises because the autophagy system becomes 
overwhelmed or whether, with age for example, the autophagic system becomes less 
efficient.

Our data support a model where the proteasome degrades misfolded proteins from the 
ER, but if this system is overloaded, autophagy is activated. This implies that autophagy 
is the major degradational pathway during activation of the UPR in neuronal cells. Figure 
8 shows a diagram of all hypotheses tested in this study and the final model. Because the 
UPR is activated in neurons in which tau is not aggregated into tangles, this pathway may 
provide a target for early therapeutic intervention in AD. 
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Figure 8: ER stress preferentially activates autophagy in neuronal cells. (A) Diagram showing the 
pathways investigated in this study by which ER stress may increase the proteolytic capacity of 
neuronal cells. ER stress could enhance proteolytic degradation by the proteasome by influencing 
the subunit composition via activation of the EOR. Alternatively the UPR can be employed to 
enhance the expression levels of the constitutive subunits. In addition, regulation of the localization 
or activity of the proteasome may occur. In addition the UPR may result in activation of autophagy. 
(B) Our data show that a disturbance of ER homeostasis resulting in activation of the UPR will 
activate the autophagy pathway. This can be due to a decreased capability to export misfolded 
proteins from the ER lumen under these conditions or may relate to the inability of the proteasome 
to degrade aggregated proteins. In AD neurons, decreased proteasomal degradation as well as a 
disruption in the autophagosomal/lysosomal system may eventually lead to neurodegeneration. 
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Abstract
The unfolded protein response (UPR) is a stress response that is activated upon 
disturbed homeostasis in the endoplasmic reticulum. In Alzheimer’s disease as well as 
in frontotemporal dementia with tau inclusions the UPR is activated in neurons with 
early phosphorylated tau pathology. This led to the hypothesis that there is a functional 
connection between UPR activation and tau pathology. Here we investigate the 
connection between UPR activation and tau phosphorylation using in vitro and in vivo 
models. Increased expression of tau protein, using an inducible cell model, did not lead 
to increased UPR activation. In addition, increased UPR activation could not be observed 
in brain tissue from THY-Tau22 transgenic mice, which exhibit neuropathological tau 
hyperphosphorylation and aggregation throughout the brain. In a human neuronal cell 
model we observed that UPR activation induced by tunicamycin led to a mild increase 
in tau phosphorylation. This data is in support of previous studies that suggest that UPR 
activation facilitates increased tau phosphorylation 
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Introduction
Tauopathies are a group of neurodegenerative disorders that are characterized by the 
accumulation of insoluble deposits of highly, or hyper, phosphorylated tau (p-tau) protein 
in the brain. These disorders include Alzheimer’s disease (AD) and frontotemporal lobar 
degeneration with tau positive inclusions (FTLD-tau) which includes Pick’s disease 
(PiD), progressive supranuclear palsy (PSP) and familial frontotemporal dementia and 
parkinsonism associated with chromosome 17 (FTDP-17). Although the morphology of 
the inclusions and the cell types in which they accumulate differ between these disorders, 
the phosphorylation of tau plays a central role in the neurodegenerative process. 

The tau protein, elaborately described in Chapter 1, functions in maintaining microtubule 
stability and in facilitating transport of cargo across the microtubule network.35-39,433 
Binding affinity of tau to the microtubules is regulated via its phosphorylation, mediated 
by the concerted action of kinases and phosphatases. Approximately 20% of the tau 
protein has the potential to be phosphorylated 53 and the precise physiological regulation 
of tau phosphorylation remains largely elusive. Increased tau phosphorylation is thought 
to precede the formation of insoluble aggregates as it reduces tau microtubule binding 
affinity and increases tau aggregation propensity.434,435,389,113 In vivo studies have identified 
glycogen synthase kinase 3 (GSK-3) and cyclin dependent kinase-5 (CDK-5) as important 
tau kinases both in physiological and pathological tau phosphorylation.46

We previously reported that increased presence of p-tau in neurons in AD and FTLD-tau 
brain (Chapter 3) is closely associated with activation of the unfolded protein response 
(UPR).436,437,256 The UPR, described in detail in Chapter 1, is a stress response that is 
activated upon a disruption in endoplasmic reticulum (ER) protein folding homeostasis, 
or ER stress. The UPR comprises three signalling routes; inositol requiring enzyme 
1 (IRE1), PKR like ER kinase (PERK) and activating transcription factor (ATF) 6.438 
Activation of these routes leads to downstream signalling events which are aimed at 
restoring homeostasis by attenuating the amount of proteins entering the ER, promoting 
degradation and enhancing expression of factors that facilitate ER protein folding. 
Enhanced activity of the UPR transcription factors XBP1 spliced (XBP1-s), ATF6 and 
ATF4 leads to upregulation of UPR responsive genes, including the molecular chaperone 
GRP-78/BiP and the pro-apoptosis protein CHOP.439 

Markers of an active UPR co- occur in neurons that contain diffusely distributed p-tau and 
do not (yet) contain inclusions (Chapter 3).3,256 The close association of UPR activation 
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and p-tau pathology in situ led to several studies addressing the mechanistic connection 
between UPR activation and p-tau. ER stress and UPR activation can be induced by several 
chemical compounds, including thapsigargin (Th), an inhibitor of the ER Ca2+ ATPase, 
and tunicamycin (Tm), an inhibitor of ER N-linked glycosylation. In one study induction 
of ER stress with Th in endogenously tau expressing human SH-SY5Y neuroblastoma 
cells led to a moderate increase in tau phosphorylation at Ser396 and Ser202/Thr205 
after 3 and 6h of treatment. The same effect, but more pronounced, was observed in 
tau overexpressing Hek-293 cells.313 A similar study, also using differentiated SH-
SY5Y cells, did not find increased tau phosphorylation at Ser396, and other investigated 
residues, after ER stress induction with Th and Tm for 1, 3 and 6h.394 In this study the 
concentration Th used was lower than in the previously described study and the lack of 
tau phosphorylation might be due to a less robust UPR induction. However, this study 
also used Tm at a concentration that is expected to rapidly activate the UPR. In addition, 
no evidence for UPR activation was observed in the PS19 transgenic mouse model in this 
study. The PS19 model expresses high levels of human tau (h-tau) containing the FTDP-
17 associated P301S mutation in the brain and develops progressive tau pathology starting 
at 6 months.440 Levels of mRNA of the UPR responsive factors XBP1-s and GRP-78/BiP 
were assessed at 6 and 11 months in several brain areas, including the hippocampus. 
No differences were observed between PS19 transgenic animals and wildtype (WT) 
littermates.394

The precise connection between the UPR and p-tau remains unknown. In this study 
we investigated the effect of UPR activation on tau phosphorylation, and vice versa, 
using in vitro and in vivo models. Previous studies used non-neuronal Hek-293 tau 
overerexpressing cell models to assess the connection between increased tau expression 
and UPR activation. However, as tau is specifically expressed in neuronal cells, a neuron 
specific connection between tau and the UPR might not be modelled in Hek-293 cells. 
We investigated the effect of tau overexpression on UPR activation using an inducible 
tau overexpressing neuronal cell model. Furthermore, we assessed UPR activation in a 
mutant h-tau expressing mouse model during and after the onset of tau pathology. Next, 
we made use of endogenous tau expressing human SK-N-SH neuroblastoma cells to asses 
whether chemical UPR induction by Tm influences tau phosphorylation.
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Methods
Cloning of 2N4R h-tau cDNA into the pcDNA4/TO vector
A construct containing the open reading frame of the longest, 2N4R, h-tau isoform was 
kindly supplied by Dr. Mandelkow, Hamburg, Germany. 2N4R h-tau was supplied in 
the bacterial pNG2 vector and was excised by digestion with the restriction enzymes 
NdeI and BamHI. Both sites were rendered blunt ended using Klenow. The 2N4R insert 
was ligated into the HindIII and BamHI sites, which were blunted with Klenow, of the 
pcDNA4/TO vector (Invitrogen, Carlsbad, CA, USA) multiple cloning site. 

Generating PC12 Tet-Off inducible 2N4R h-tau stable cell lines 
The PC12 Tet-off inducible cell system was purchased from Clontech (Mountain View, 
CA, USA). These cells are stably transfected with the pTet-Off Advanced promotor. This 
vector constitutively expresses the transcriptional activator Tet-Off Advanced. In the 
absence of doxycycline (Dox) Tet-Off Advanced binds the TetO sequences on pcDNA4/
TO containing 2N4R h-tau and activates transcription. Upon addition of Dox to the 
culture medium Tet-Off Advanced is titrated from the TetO sequences and transcription is 
turned off. PC12 Tet-Off cells were transfected with PCDNA4/TO 2N4R h-tau and stable 
cell lines were selected using medium containing 200µg/ml G418 and 250µg/ml zeocyn. 

Culturing of PC12 Tet-Off 2N4R h-tau and SK-N-SH cells
Rat PC12 Tet-Off 2N4R h-tau cells were cultured in DMEM with Glutamax (Gibco) with 
5% FCS and 10% horse serum (Lonza, Basel, Zwitserland) supplemented with 100U/ml 
penicillin (Yamanouchi) and 200µg/ml G418 and 250µg/ml zeocyn. Upon differentiation 
PC12 cells acquire a neuron like phenotype. Cells were differentiated in culture 
medium supplemented with 100ng/ml nerve growth factor (NGF, Harlan Laboratories, 
Indianapolis, IN, USA) for 5 days. Transgene expression was prohibited by the addition 
of 1µg/ml doxycycline to the culture medium. Upon removal of doxycycline cells were 
left for 24h to allow transgene expression before the start of treatment protocols. 

Human SK-N-SH neuroblastoma cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) with GlutaMax (Gibco BRL, Carlsbad, CA, USA) supplemented 
with 10% fetal calf serum (FCS) (Gibco BRL) and 100U/ml penicillin (Yamanouchi 
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Pharma BV, Leiderdorp, The Netherlands). SK-N-SH cells were differentiated in culture 
medium supplemented with all trans-retinoic acid (Sigma, St Louis, MO, USA) in a 
final concentration of 10mM for 5 days. Differentiated cells were treated with 100nM 
wortmannin (Wm, Sigma, St. Louis, MO, USA), 30mM lithium chloride (LiCl, Sigma), 
100nM okadaic acid (OA, Sigma) or increasing concentrations of tunicamycin (Tm, 
Sigma) for indicated times. 

RNA isolation and cDNA synthesis
For RNA isolation from differentiated PC12 Tet-Off 2N4R h-tau cells, cells were 
cultured as described (5x105 per well in a six well plate) and subsequently harvested in 
1ml TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA was isolated using the 
QIAube (QIAGEN, Venlo, The Netherlands). The protocol used was according to the 
manufacturer’s specifications. Isolated RNA was diluted in 50µl RNase-free water and 
stored at -20°C. 

The THY-Tau22 transgenic mouse model expresses high levels of 4 repeat h-tau 
containing the G272V and P301S mutations under the control of the neuron specific 
Thy1.2 promotor. Tau pathology becomes visible in these animals starting at 3 months 
and progresses with age. Mice at 12 months show extensive tau hyperphosphorylation 
and neurofibrillary tangle-like inclusions. RNA was isolated from the hippocampus of 
THY-Tau22 and WT littermates sacrificed at 4, 7 or 11 months, with 5 or 6 animals in 
each group.441

RNA concentrations and purity were assessed by OD measurements at 260 and 280nm 
on a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA). For cDNA 
synthesis, 1µg of RNA and 125pmol Oligo-dT12 primer were dissolved in a total of 10µl 
H20 and incubated at 72°C for 10 min. Reverse transcriptase mix was added, consisting of 
5µl 5x first strand buffer (Invitrogen), 0.5µl SuperScript II RNA polymerase (Invitrogen), 
10mM dNTPs and 25mM MgCl2 in a total of 15µl H20. The mixture was incubated at 
42°C for 1h, followed by 15 min at 70°C. cDNA quality was assessed on 0.8% agarose 
gel. 
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Real-time qPCR
Real-time qPCR was performed using the Light Cycler 480 system (Roche Applied 
Science, Indianapolis, IN, USA). Oligonucleotide primers (Sigma, USA) used for qPCR 
are listed in Table 1. Reaction volumes of 5µl contained cDNA, 0.1µM Universal 
Prober Library probe (Roche Applied Science), also listed in Table 1, 0.4µM forward 
primers, 0.4µM reverse primer and 2.5µl 2x Light Cycler 480 Probes Master (Roche 
Applied Science). After denaturation for 10 min at 95°C, amplification was performed 
using 35 cycles of denaturation (95°C for 10s), followed by annealing (58°C for 15s) and 
elongation (72°C for 15s). Results were analyzed using the Light Cycler 480 software 
(Roche Applied Science) version 1.5. 

Western blotting
To obtain cytoplasmic lysates differentiated SK-N-SH cells (2x105/well in a 12 well 
plate) were scraped in ice-cold lysis buffer containing 1% Triton X-100 and protease 
inhibitor cocktail (Roche Applied Science) and phosphatase inhibitor cocktail (Roche 
Applied Science) in PBS. The lysate (supernatant) was obtained after centrifugation 
at 12000 × g at 4°C for 8 min. Protein concentration was determined with a Bradford 
protein assay (Bio-Rad Laboratories, Veenendaal, The Netherlands). Equal amounts of 
protein were analysed on 8% (BiP, eEF2α) or 10% (pan-tau, pSer396 tau) SDS-PAGE 
gels and blotted onto PVDF membrane (Millipore, Billerica, MA, USA) using a semi-
dry electro blotting apparatus. Blots were pre-incubated with 1% bovine serum albumin 

Table 1: Primers and probes used for qPCR 480 Light Cycler.

Gene Primers (5’ à 3’) Product size (nt) Probe no. 
Rat GRP-78/BiP FW:ccgtaacaatcaaggtctacga

RV:aaggtgacttcaatctggggta
124 15

Rat GAPDH FW:catcgtggaagggctcat
RV: agtggatgcagggatgatg

127 26

Mouse GRP-78/BiP FW: gccaactgtaacaatcaaggtct
RV:tgacttcaatctggggaactc

125 15

Mouse CHOP FW:ccaccacacctgaaagcag
RV:tcctcataccaggcttcca

110 33

Mouse GAPDH FW: aagagggatgctgccctta
RV: ttttgtctacgggacgagga

86 33

Probe numbers refer to numbers in the Roche universal probe library.
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(w/v, BSA; Boehringer, Mannheim, Germany) or 2.5% non-fat dried milk in PBS-T 
(0.05% Tween-20 in PBS) for 1h and subsequently incubated at 4°C for 16h with primary 
antibodies. Membranes were washed 3 × 10 min in PBS-T and subsequently incubated 
with species-specific secondary antibodies conjugated to horseradish peroxidase (HRP, 
dilution 1:1000, DAKO, Glostrup, Denmark). Reactive protein bands were visualized 
using LumiLightPLUS Western blotting substrate (Roche Applied Science) and a LAS-
3000 luminescent image analyzer (Fumi Photo Film (Europe), Kleve, Germany). Results 
were analyzed using Advance Image Data Analyzer software (Raytest, Straubenhardt, 
Germany) version 3.44.035. The primary antibodies and their dilution factors that were 
used in this study are listed in Table 2. 

In Cell ELISA colorimetric assay
The In Cell ELISA colorimetric assay (Thermo Scientific, Waltham, MA, USA) was 
performed according to the manufacturer’s recommendations. In short, SK-N-SH 
cells were plated in 96 well plates (15.000 cells/well) and differentiated as described. 
All conditions were assayed in triplicate. Unless otherwise stated, all incubations were 
performed at RT with gentle rocking. Cells were fixed in 4% formaldehyde for 15 min. 
Formaldehyde was aspirated; cells were washed twice in 1 × Tris Buffered Saline (TBS) 
and incubated with permeabilisation buffer for 15 min. Following permeabilisation, cells 
were washed with 1 × TBS and incubated with quenching solution (containing H2O2) for 
20 min. Cells were washed with 1 × TBS and subsequently blocked for 30 min in blocking 
solution. Following blocking, cells were incubated with the AT8 primary antibody 
solution (Table 2) for 16h at 4°C. Cells were washed three times with wash buffer and 
subsequently incubated with diluted α-mouse/rabbit HRP conjugate for 30 min. Cells 
were washed and signal was developed by addition of 3,3’,5,5’-Tetramethylbenzidine 
(TMB) substrate. The reaction was stopped when blue colour was visible. Absorbance 
(A) was measured at 450nm using a FLUOstar Omega microplate reader (BMG Labtech 
GmbH, Ortenberg, Germany). In order to correct for variation in the amount of cells 
Janus Green whole cell stain was used. Cells were incubated with Janus Green whole cell 
stain for 5 min and subsequently washed with ultrapure water until all excess stain was 
removed. Elution buffer was added and cells were incubated for 10 min before absorption 
was measured at 615nm. The A 450nm values were normalized to A 615nm values. The 
normalized A 450nm values were used to calculate fold changes in assayed protein levels. 
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Results
To assess the relation between tau and the UPR we first assessed the effect of expression 
of the tau protein on UPR activation using an inducible PC12 neuronal cell line stably 
expressing the largest, 2N4R, h-tau isoform under the control of a doxycycline inducible 
promotor. The addition of doxycycline to the culture medium inhibits expression 
of the 2N4R h-tau transgene whereas the removal of doxycycline allows 2N4R h-tau 
expression. (Figure 1A). Cells were treated with increasing concentrations of Tm for 16h 
to chemically induce ER stress and UPR activation. As expected, treatment with Tm led 
to increased mRNA levels of the molecular chaperone BiP as measured by quantitative 
PCR (qPCR). BiP levels did not significantly differ between cells treated with or without 
doxycycline; either at baseline or during ER stressed conditions (Figure 1B). Thus, in our 
in vitro model increased tau expression did not lead to increased UPR activation nor did 
it sensitize cells for UPR activation. 

Next we investigated UPR activation in a tauopathy mouse model overexpressing h-tau 
containing two FTDP-17 related mutations; G272V and P301S. This transgenic model, 
referred to as THY-Tau22 mice, starts displaying immunohistochemical reactivity 
against p-tau antibodies at the age of 3 months and shows extensive presence of p-tau 
and inclusion body formation at 12 months.441 Levels of mRNA of the UPR responsive 
genes BiP and CHOP were measured using qPCR in the hippocampus of these animals 
sacrificed at 4, 7 and 11 months. In both WT and THY-Tau22 mice increased levels of 
BiP were observed after 7 months (compared to 4 months). No significant difference in 
BiP and CHOP mRNA levels between WT and THY-Tau22 mice at 4, 7 and 11 months 

Table 2: Primary antibodies used in Western blot (WB) and In Cell ELISA (ICE) colorimetric 
assays.

Antibody Species Mono/
polyclonal

Use Dilution (milk/BSA) Company

h-tau Rabbit Polyclonal WB 1:1000 in 2.5% milk/PBS-T DAKO, Denmark
pSer396 h-tau Mouse Monoclonal WB 1:1000 in 1% BSA/PBS-T Cell Signaling 

Technology, USA
AT8 (pSer202/
pThr205 h-tau)

Mouse Monoclonal ICE 1:100 in antibody dilution 
buffer

Thermo 
Scientific, USA

BiP/GRP78 Goat Polyclonal WB 1:1000 in 2.5% milk/PBS-T Santa-Cruz, USA
eEF2α Rabbit Polyclonal WB 1:1000 in 2.5% milk/PBS-T Cell Signaling 

Technology, USA
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of age was observed. This data indicates that the increased BiP levels are not related with 
tau expression. (Figure 2). Combined, our in vitro and in situ data show no evidence for 
a role of increased levels of WT or mutant tau in UPR activation. 

We subsequently addressed whether UPR activation leads to increased tau phosphorylation 
in vitro. To this end we made use of differentiated SK-N-SH neuroblastoma cells which 
endogenously express tau (Figure 3). It is known that GSK-3 is capable of phosphorylating 
tau and one of the targeted epitopes is Ser396. We used wortmannin (Wm) and lithium 
(as lithium chloride (LiCl)) to enhance or inhibit GSK-3 activity, respectively, and as 
expected observed increased and decreased phosphorylation of tau at Ser396 (pSer396 
tau). Induction of the UPR using increasing concentrations of Tm for 16h led to increased 
levels of pSer396 tau. (Figure 3A, panel I, quantified in B). Treatment with Tm or Wm 
had no effect on levels of total tau but we observed a slight decrease in levels of total 
tau following treatment with LiCl (Figure 3A, panel II). Increased levels of BiP were 
observed in Tm treated samples, indicating the UPR is active under these conditions, but 
not in Wm or LiCl treated samples (Figure 3A, panel III, quantified in C). 

Figure 1: Increased tau expression does not induce or sensitise cells for UPR activation. PC12 Tet-
Off 2N4R h-tau cells were cultured in the absence or presence of doxycycline (Dox), permitting 
or inhibiting expression of the 2N4R h-tau transgene. A: Western blot analysis using a pan-tau 
antibody demonstrating repression of h-tau expression under Dox treated conditions and permission 
of expression following removal of Dox. B: Cells were treated with increasing concentrations of 
Tm for 16h to induce ER stress and UPR activation. Levels of BiP mRNA were measured by qPCR 
and normalised to levels of GAPDH mRNA. We observed no difference in BiP response between 
2N4R h-tau repressive and permissive conditions. 
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Phosphorylation of tau on Ser202 and Thr205 is associated with decreased microtubule 
binding affinity and increased tau aggregation.442, 443 The AT8 antibody specifically detects 
these phosphorylated epitopes on tau.3,256 Tau phosphorylated on Ser202/Thr205 was 
not observed in protein lysates of SK-N-SH cells treated under control conditions, or 
in the presence of Tm or Wm, using Western blot analysis (results not shown). Next we 
used a more sensitive In Cell ELISA for the detection of phosphorylated tau using the 
AT8 antibody. In this experiment okadaic acid (OA) was used as a positive control; it 
increases levels of p-tau in an indirect manner by inhibiting tau dephosphorylation by 
protein phosphatase 2A (PP2A). Treatment with OA resulted in a 2.5 fold increase in AT8 
signal, indicating we can measure changes in tau phosphorylation at Ser202/Thr205 using 

Figure 2: UPR induction is not apparent in mice expressing mutant human tau. A,B: Hippocampal 
mRNA levels of the UPR responsive genes encoding BiP (A) and CHOP (B) were analyzed in THY-
Tau22 and WT littermates at different ages. Each group consisted of 5 or 6 animals. A tau mediated 
increase in BiP or CHOP mRNA levels was not found. A significant increase in BiP expression (* 
p<0.05) was observed in 7 months old mice compared to 4 months old mice, irrespective of their tau 
status. BiP and CHOP mRNA levels were normalised to levels of GAPDH mRNA.
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this method. Treatment with increasing concentrations of Tm led to a significant (1.3 
fold) increase in tau phosphorylation at the Ser202/Thr205 epitope only with the highest 
concentration (1.0 µg/ml) Tm (Figure 4). 

Discussion
In this chapter we investigated the connection between UPR activation and tau 
phosphorylation using in vitro and in situ models. We made use of inducible tau 
overexpressing PC12 cells in order to increase expression levels of tau in a neuronal 
cell model. We found no differences in protein levels of the ER molecular chaperone 
BiP in cells expressing 2N4R h-tau, either at baseline or during ER stressed conditions. 
We also found no evidence for tau associated UPR activation in the THY-Tau22 mouse 
model which expresses h-tau containing the G272V and P301S mutations. We assessed 
mRNA levels of the UPR markers BiP and CHOP in total brain lysates at various ages 
and found no increase compared to WT littermates during early p-tau deposition or once 

Figure 3: UPR activation increases phosphorylation of tau at Ser396. Differentiated SK-N-SH 
neuroblastoma cells were treated with LiCl (Li), Wm and increasing concentrations of Tm for 16h. 
A: Phosphorylation of tau was investigated on Western blot using an antibody directed against tau 
phosphorylated on Ser396. Treatment with Tm led to increased reactivity against the tau pSer396 
antibody (panel I). Analysis using a pan-tau antibody revealed levels of total tau did not change 
during Tm treatment (panel II). Treatment with Tm resulted in increased expression of BiP (panel 
III). eEF2α was used as a loading control (panel III). B: Quantification of pSer396 relative to pan-
tau. C: Quantification of BiP levels relative to eEF2α. Asterisk indicates cross reactivity of the BiP 
antibody with Hsp70.



121

Activation of the unfolded protein response leads to a mild increase in tau phosphorylation 

inclusion bodies 441 were formed. In this experiment we only investigated mRNA levels 
of the downstream UPR targets BiP and CHOP and did not assess the activation status of 
the ER stress sensing proteins. However, as mRNA levels of BiP and CHOP are expected 
to increase quickly upon activation of the stress sensors, these data suggest that the UPR 
is not increasingly activated in the THY-Tau22 model. Our data are in accordance with 
an other study that demonstrated a lack of connection between tau overexpression and 
UPR activation in non-neuronal Hek-293 cells 394 and with data generated in the PS19 
transgenic mouse model.394 Like the THY-Tau22 mouse model, PS19 mice develop p-tau 
pathology which progresses with age. 

We subsequently investigated whether in vitro UPR activation affects tau phosphorylation 
in SK-N-SH cells endogenously expressing the tau protein. In contrast to the relatively 
short treatment times in previous studies (1 – 6h), we treated these cells with increasing 
concentrations of Tm for 16h. This resulted in a moderate, non-dose dependent, increase 
in levels of pSer396 tau. We also observed a moderate increase in AT8 immunoreactivity 
following treatment with the highest dose of Tm using the more sensitive In Cell ELISA 
colorimetric assay. A recent study reported increased tau phosphorylation upon induction 
of ER stress with Th at Thr231, Ser262 and Ser396 in primary cultured rat neurons after 6 

Figure 4: UPR activation increases phosphorylation of tau at Ser202/Thr205. Differentiated SK-
N-SH cells were treated with okadaic acid (OA) to inhibit tau dephosphorylation and increasing 
concentrations of Tm to induce the UPR for 16h. Levels of tau phosphorylated on Ser202/Thr205, 
recognized by the AT8 antibody, were assayed using an In Cell ELISA colorimetric assay. 
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and 12h, levels of which decreased to normal after 18 and 24h.444 These data indicate there 
is a narrow window in which tau phosphorylation following UPR induction is increased. 
In addition, there might be temporal and phosphorylation specific differences in the ER 
stress response to Th and Tm. 

Interestingly, p-tau immunoreactive inclusion bodies have not been recreated in in vitro 
cell models, suggesting additional events are necessary for p-tau to accumulate and form 
inclusions. We previously demonstrated that UPR activation leads to activation of the 
autophagy/lysosomal system in differentiated SK-N-SH cells (Chapter 4).407 The tau 
protein can be degraded by the ubiquitin proteasome system 283,284 and the autophagy/
lysosomal pathway 293,292,290, described in Chapter 2, and in our SK-N-SH model p-tau 
may be rapidly degraded by either of these mechanisms. Defects in lysosomal degradation 
are reported in AD 301 and also efficiency of the autophagy/lysosomal system and UPS 
decreases with age (described in Chapter 2) 445. Recently, UPR activation was observed 
in close association with p-tau pathology in very old (21 months) transgenic Tau P301L 
mice, expressing high levels of h-tau with the P301L mutation.444 UPR activation in 
combination with diminished proteolytic capacity due to aging might increase levels of 
p-tau so that deposition and inclusion body formation is favoured.

In summary, we found that increased tau expression does not activate the UPR in vivo or 
in vitro. Furthermore, in our in vitro model UPR activation led to a mild increase in levels 
of p-tau indicating that UPR activation occurs upstream of tau pathology. 
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Abstract
The unfolded protein response (UPR) is a stress response that is activated upon disturbed 
homeostasis in the endoplasmic reticulum. In Alzheimer’s disease as well as in other 
tauopathies the UPR is activated in neurons that contain early tau pathology in the form of 
diffusely distributed phosphorylated tau. This led to the hypothesis that there is a functional 
connection between UPR activation and tau pathology. This hypothesis gains support 
from a recent genome-wide association study showing that genetic variation in one of the 
transducers of the UPR is a risk factor for developing a tauopathy. In this study we show 
that prolonged UPR activation increases the activity of the major tau kinase glycogen 
synthase kinase (GSK)-3 in vitro via a selective decrease in the levels of inactive GSK-3 
phosphorylated at Ser21/9 (pSer21/9 GSK-3). In human brain tissue from patients with 
different tauopathies, granular accumulations of pSer21/9 GSK-3 are found in neurons 
with markers for UPR activation. Double staining demonstrates that pSer21/9 GSK-3 
accumulates in lysosomes in these neurons. Inhibition of lysosomal degradation prevents 
the UPR-induced decrease in GSK-3 levels in a cell model. In addition, stimulation of 
autophagy results in a selective decrease in pSer21/9 GSK-3 levels. Our data indicate that 
UPR activation increases the activity of GSK-3 by lysosomal degradation of the inactive 
pSer21/9 GSK-3. Here we present a novel mechanism for regulation of GSK-3 activity 
and provide a functional explanation for the close association between UPR activation 
and early tau pathology in neurodegenerative diseases. 
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Introduction
Aggregates of the microtubule associated protein tau (MAPT or tau) are found in 
several neurodegenerative disorders, commonly referred to as tauopathies. This includes 
Alzheimer’s disease (AD), Pick’s disease (PiD), progressive supranuclear palsy (PSP) and 
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) 389,446, a 
familial tauopathy that is associated with mutations in the gene encoding tau; MAPT. Tau 
is predominantly involved in facilitating the structure and function of microtubules. Under 
physiological conditions tau phosphorylation is a rapid and reversible process, mediated 
by the opposing actions of several protein kinases and phosphatases.447,448 In contrast, 
hyperphosphorylation of tau is thought to precede the formation of tau aggregates and is 
therefore associated with pathology.434,435,449,450

The unfolded protein response (UPR), a stress response pathway that is activated upon a 
disturbance in endoplasmic reticulum (ER) homeostasis, is strongly associated with the 
pathology of tauopathies.3,256 Three ER transmembrane proteins function as stress sensors 
and mediate the effects of the UPR: PKR like ER kinase (PERK), inositol requiring 
enzyme 1 (IRE1) and activating transcription factor (ATF) 6. During ER stress these 
proteins are activated by phosphorylation (PERK and IRE1) or cleavage (ATF6) and 
activate responses aimed at restoring homeostasis in the ER.439 This entails attenuating 
the amount of novel polypeptides entering the ER by decreasing translation, enhancing 
degradation and increasing expression of factors involved in ER protein folding. 
We and others previously reported UPR activation markers in close connection with 
phosphorylated tau (p-tau) in AD brain.2,3,366 We observed the same association of the 
UPR and p-tau protein in non-AD tauopathies, including cases of sporadic PiD, PSP and 
FTDP-17 (Chapter 3).256 In this cohort the involvement of amyloid β (Aβ) pathology 
and overall ageing effects could be excluded, strengthening the connection between the 
UPR and early tau pathology. Interestingly, a recent genome wide association study has 
identified genetic variation in the gene encoding the ER stress transducer PERK as a 
risk factor for PSP, suggesting that perturbation of the UPR can influence the risk for 
developing tau pathology.398

A large number of kinases phosphorylate tau in vitro 46 but the precise mechanisms 
of physiological regulation have not been elucidated yet. A major kinase implicated 
in physiological and pathological phosphorylation of tau is glycogen synthase kinase 
3 (GSK-3). Tau is phosphorylated by GSK-3 in vitro 451,452, in cultured cells 453,70 and 
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in transgenic mice overexpressing GSK-3.75,77,79 GSK-3 phosphorylates tau at multiple 
sites and most of these sites are also phosphorylated in disease.451,53,72 The GSK-3 kinase 
plays a role in a wide variety of signalling pathways including glycogen metabolism, 
protein synthesis, mitosis, apoptosis and microtubule dynamics.62 GSK-3 exists as two 
highly homologous isoforms, GSK-3α and GSK-3β, which are encoded by different 
genes located on chromosomes 19 and 3, respectively.61 Both isoforms are expressed in 
the brain 454,455, however GSK-3β appears to be the predominantly expressed isoform.454 
Some, but not all, substrates require priming by phosphorylation at a nearby residue by 
another kinase which enables phosphorylation by GSK-3.63,64 GSK-3β phosphorylates tau 
at primed and unprimed sites, however phosphorylation at primed sites was shown to play 
a key role in regulating in vitro tau microtubule binding.73 GSK-3 activity is regulated 
by inhibitory phosphorylation of the Ser21 and Ser9 residue in GSK-3α/β, respectively. 
This residue is located in the N-terminus of GSK-3 and when phosphorylated this acts 
as a pseudo-substrate and competes with primed substrates for binding to the active 
domain.62 Inhibitory phosphorylation of GSK-3 at this site occurs in response to several 
signalling pathways. Protein kinase A phosphorylates GSK-3 upon an increase in levels 
of the second messenger cyclic AMP, caused by binding of ligands to G-protein-coupled 
receptors on the cell membrane.456 In the insulin signalling pathway binding of insulin to 
the insulin receptor leads to increased activity of phosphatidyl inositol kinase 3 (PI3K) 
and protein kinase B (PKB)/Akt. The commonly used activator of GSK-3, wortmannin 
(Wm), inhibits PI3K and in this manner prevents inhibitory phosphorylation by PKB/
Akt.457,66 Phosphorylation of GSK-3α/β at Tyr216 and Tyr279, respectively, is associated 
with increased GSK-3 activity.63 Inhibition of this phosphorylation event either by 
enzymatic dephosphorylation or mutation of Tyr into Phe, decreases the kinase activity.458 
Phosphorylation at the Tyr residue is suggested to be an autophosphorylation event; 
however, some kinases have been shown to target GSK-3 Tyr216/279 in vitro.459-461 The 
precise mechanism remains unknown but the position of the Tyr216/279 residue in the 
GSK-3 activation loop suggests it induces a conformational change that results in more 
efficient substrate binding.63,458 

The role of GSK-3 in tau pathology has been the subject of several studies, but its 
regulation and involvement in the pathogenesis of tauopathies is not fully elucidated yet. 
GSK-3β co-isolates with brain derived microtubules 59 and in cells phosphorylates tau at 
epitopes also found in AD.451,453 Inhibition by lithium or more specific GSK-3 inhibitors 
prevented tau phosphorylation and aggregation in several mouse models.462,123,463 The 
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association of the UPR with early tau pathology prompted the investigation of effects of 
in vitro UPR induction on GSK-3 activity. Chemical induction of the UPR was shown to 
decrease phosphorylation at the inhibitory Ser21/9 epitope and increase phosphorylation 
at the activating Tyr279/216 epitope.313 Another study only identified decreased Ser21/9 
phosphorylation.397 Although the mechanism remains elusive, these studies suggest that 
activation of the UPR leads to increased activity of GSK-3. 

In this study we further investigated the connection between activation of the UPR and 
GSK-3 activity in vitro. Furthermore, we analysed the presence of active and inactive 
GSK-3 in connection to UPR activation and tau pathology in post-mortem brain material 
from patients with different types of tauopathies. Our combined data provide evidence for 
UPR induced regulation of GSK-3 activity via lysosomal degradation. 

Materials and Methods
Cell culture, differentiation and treatment
Human SK-N-SH neuroblastoma cells were cultured in Dulbecco’s modified Eagle’s 
medium with GlutaMax (Gibco BRL, Carlsbad, CA, USA) supplemented with 10% fetal 
calf serum (Lonza, Basel, Switzerland) and 100U/ml penicillin (Yamanouchi Pharma BV, 
Leiderdorp, The Netherlands). Cells were differentiated in culture medium supplemented 
with all trans-retinoic acid (Sigma, St Louis, MO, USA) in a final concentration of 10µM 
for 5 days. Differentiated cells were subsequently treated with tunicamycin (Tm), lithium 
chloride (LiCl) and Bafilomycin (BAF) at indicated concentrations for 16h. Treatment 
with wortmannin (Wm) was performed at 100nM for 1h before harvest. For starvation, 
medium was removed and cells were washed twice in phosphate buffered saline (PBS) to 
remove excess nutrients. Cells were subsequently cultured for 2h in Earle’s balanced salt 
solution (Sigma), which lacks essential amino acids.

In Cell ELISA colorimetric assay
The In Cell ELISA colorimetric assay (Thermo Scientific, Waltham, MA, USA) was 
performed according to the manufacturer’s recommendations. In short, SK-N-SH cells 
were plated in 96 well plates (15000 cells/well) and differentiated as described above. 
All conditions were assayed in triplicate. Unless otherwise stated, all incubations 
were performed at room temperature (RT) with gentle rocking. Cells were fixed in 4% 
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formaldehyde for 15 min. Formaldehyde was aspirated; cells were washed twice in 1x Tris 
Buffered Saline (TBS) and incubated with permeabilization buffer for 15 min. Following 
permeabilization, cells were washed with 1x TBS and incubated with quenching solution 
(containing H2O2) for 20 min. Cells were washed with 1x TBS and subsequently blocked 
for 30 min in blocking solution. Following blocking, cells were incubated with the primary 
antibody solution for 16h at 4°C. Antibodies and their dilutions used are described in 
Table 1. Cells were washed three times with wash buffer and subsequently incubated 
with diluted HRP conjugate (α-mouse/rabbit for GSK-3 antibodies, α-goat for GRP-78/
BiP antibody) for 30 min. Cells were washed and signal was developed by addition of 
3,3’,5,5’-Tetramethylbenzidine (TMB) substrate. The reaction was stopped when blue 
colour was visible. Absorbance (A) was measured at 450nm using a FLUOstar Omega 
microplate reader (BMG Labtech GmbH, Ortenberg, Germany). In order to correct 
for variation in the amount of cells Janus Green whole cell stain was used. Cells were 
incubated with Janus Green whole cell stain for 5 min and subsequently washed with 
ultrapure water until all excess stain was removed. Elution buffer was added and cells 
were incubated for 10 min before absorption was measured at 615nm. The A 450nm 
values were normalized to A 615nm values. The normalized A 450nm values were used 
to calculate fold changes in assayed protein levels. 

Table 1: Primary antibodies used in immunohistochemistry (IHC) and In Cell Elisa (ICE) assays. 

Antibody Species Antigen Dilution Source
IHC       
(single/double)

ICE

pPERK Rabbit PERK pThr980 -/1:800 - Santa Cruz Biotechnology, 
Santa Cruz, CA, USA

AT8 Mouse Tau pSer202 and 
pThr205

1:1000/1:100 - Pierce, Rockford, IL, USA

GSK-3 Rabbit Pan GSK-3 1:500/1:50 1:200 Cell Signalling Technology, 
Danvers, MA, USA

pSer21/9 
GSK-3

Rabbit GSK-3α pSer21
GSK-3β pSer9

1:100/1:10 1:100 Cell Signalling Technology, 
Danvers, MA, USA

pTyr216/279 
GSK-3

Mouse GSK-3α pTyr216, 
GSK-3β pTyr279

1:100 - Millipore, Billerica, MA, 
USA

GRP-78/BiP Goat BiP C-terminus - 1:100 Santa Cruz Biotechnology, 
Santa Cruz, CA, USA

Cathepsin D Mouse Cathepsin D -/1:1000 - Millipore, Billerica, MA, 
USA
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GSK-3 activity assay
GSK-3 activity was measured in crude cell extracts of differentiated SK-N-SH cells using 
an assay described by Ryves et al.464 Differentiated SK-N-SH cells were washed once 
in ice-cold PBS and scraped in ice-cold lysis buffer (50mM Tris-HCL, pH8.0, 150mM 
NaCl, 5mM EDTA, 50mM NaF, 10mM DTT and 1% Triton X-100) supplemented with 
PhosSTOP phosphatase inhibitor (Roche, Basel, Switzerland) and Protease Inhibitor 
Cocktail (Roche). Lysates were cleared by centrifugation at 14000 × g for 10 min. A 
Bradford protein assay (BioRad, Hercules, CA, USA) was used to determine the protein 
concentration in each sample. 

For each assay, 12.5µl of cell extract was incubated with 10µg GSK-3 substrate peptide 
(Phospho-GS-peptide-2, Upstate Biotechnology, Lake Placid, NY, USA) and 6.25µl ATP 
hot mix (200mM Hepes, pH 7.5, 50mM MgCl2, 8mM DTT, 400µM ATP and 1 µCi/µl 
[γ32P] ATP (Perkin-Elmer, Waltham, MA, USA, 10mCi/ml)). All samples were assayed in 
the presence and absence of 20mM LiCl. The substrate peptide used is based on glycogen 
synthase, a known GSK-3 substrate. Sequence:‘YRAAVPPSPSLSRHSSPHQpSEDEEE’ 
p represents the site of the primed phosphate which is necessary for phosphorylation by 
GSK-3. Assays were incubated at RT and terminated after 8 min by spotting onto p81 
ion-exchange paper (Whatman GmbH, Dassel, Germany). The membrane was washed 
three times in a large volume of 100mM phosphoric acid and bound radioactivity was 
quantified by scintillation counting. Measured values were corrected for protein content. 

Single immunohistochemistry
Post-mortem brain material was obtained from the Netherlands Brain Bank (Table 2). 
Informed consent is available for each patient. Sections (5µm thick) were mounted onto 
Superfrost plus tissue slides (Menzel-Gläser, Braunschweig, Germany) and dried overnight 
at 37°C. For all stainings, sections were deparaffinised and immersed in 0.3% H2O2 in 
methanol for 30 min to quench endogenous peroxidise activity. Sections were washed 5 
min in PBS and treated with 10mmol/l pH6.0 sodium citrate buffer heated by microwave 
for 10 min for antigen retrieval. Sections were subsequently incubated with primary 
antibody (Table 1) for 16h at 4°C. All primary and secondary antibodies were diluted in 
PBS containing 1% (w/v) Bovine Serum Albumine (BSA, Boehringer Ingelheim GmbH, 
Ingelheim am Rhein, Germany). Negative controls were created by primary antibody 
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omission. Sections were washed three times 10 min with PBS and subsequently incubated 
with horseradish peroxidase (HRP)- labelled α-mouse/rabbit secondary antibody (Dako 
REAL EnVision/HRP Rabbit/Mouse, Dako, Hamburg, Germany). Colour was developed 
using 3,3-diaminobenzidine (DAB, 0.1 mg/ml, 0.02% H2O2, 10 min, Sigma, USA) as 
chromogen. Sections were counterstained with haematoxylin and mounted using Depex 
(BDH laboratories Supplies, East Grinstead, UK). 

PiD, Pick’s disease; PSP, progressive supranuclear palsy; FTD, frontotemporal dementia; 
CTRL, control; MAPT, microtubule associated protein tau; PMD, post mortem delay 
(hours:minutes); HIP, hippocampus; GFM, gyrus frontalis medialis. 

Double immunohistochemistry
pPERK and GSK-3/pSer21/9 GSK-3
After quenching endogenous peroxidase activity, sections were pre-incubated with normal 
swine serum (NGS, 1:10 dilution, Dako) for 10 min at RT and subsequently incubated 
with pPERK antibody for 60 min at RT. After washing, sections were incubated with 

Table 2: Cases used for immunohistochemical analysis. 

Case Clinical diagnosis MAPT mutation Age Sex Cause of death PMD
1 PiD - 68 F Pneumonia 6:46
2 PiD - 57 M General deterioration 6:40
3 PiD - 70 M Pneumonia 5:15
4 PiD - 82 M Pneumonia 4:10
5 PSP - 75 M Unknown 5:05
6 PSP - 72 F Infection 6:15
7 PSP - 80 M Dehydration, uraemia 4:50
8 PSP - 67 M Pneumonia 6:45
9 PiD G272V 54 F Cachexia and dehydration 5:40
10 PiD G272V 54 F Cardiac arrest 7:30
11 PiD G272V 67 F Cachexia and dehydration 4:10
12 FTD G272V 49 M Suffocation (unnatural death) 5:10
13 FTD G272V 51 M Pneumonia 4:25
14 PiD P301L 64 F Unknown 5:10
15 PiD P301L 66 F Cachexia and dehydration 6:40
16 PiD P301L 46 M Unknown 5:35
17 PiD P301L 66 M Pneumonia 5:00
18 CTRL - 66 M Abdominal aortic aneurysm 7:45
19 CTRL - 61 F Euthanasia 6:50
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biotin-conjugated swine anti-rabbit F(ab’)2 (SwαRBIO, 1:300 dilution, Dako) for 30 min 
at RT, washed and incubated with alkaline-conjugated streptavidin (sAF, 1:100 dilution) 
for 60 min at RT. Colour was developed using Liquid Permanent Red (LPR, DAKO) as 
chromogen. Sections were treated in 10mmol/l pH6.0 sodium citrate buffer heated by 
autoclave for 10 min and incubated for 16h at 4°C with mouse anti-GSK-3 or rabbit anti-
pSer21/9 GSK-3. After washing, sections were incubated with EnVision goat anti-mouse 
HRP or goat anti-rabbit HRP (undiluted, DAKO) for 30 min at RT. Colour was developed 
using DAB as chromogen.

AT8 and GSK-3/pSer21/9 GSK-3
Endogenous peroxidise activity was quenched and sections were preincubated with NGS 
(1:10 dilution) for 10 min at RT and subsequently incubated with AT8 antibody for 60 
min at RT. After washing sections were incubated with EnVision goat anti mouse HRP 
(undiluted, DAKO) for 30 min at RT. Colour was developed using DAB. After washing 
and treatment in 10mM sodium citrate buffer pH6.0 in the autoclave for 10 min, sections 
were preincubated with NGS (1:10 dilution) for 10 min at RT and subsequently incubated 
with GSK-3 antibody for 16h at 4°C. After washing sections were incubated with sAF 
(1:100 dilution) for 60 min at RT and colour was developed using LPR. 

For AT8 and pSer21/9 GSK-3 double immunohistochemistry endogenous peroxidase 
activity was quenched and sections were preincubated with NGS (1:10 dilution) for 10 
min at RT. Sections were subsequently incubated with a mix of AT8 and pSer21/9 GSK-
3 for 16h at 4°C. Sections were washed in PBS and subsequently incubated with a mix 
of SwαRBIO (1:300 dilution, DAKO) and HRP conjugated goat anti mouse IgG1 (1:100 
dilution, Dako) for 60 min at RT. Sections were washed and incubated with sAF (1:100 
dilution) for 60 min at RT. Sections were developed using DAB, and subsequently using 
LPR. 

Cathepsin D and pSer21/9 GSK-3
Endogenous peroxidise activity was quenched and sections were treated in 10mM sodium 
citrate buffer pH6.0 in the microwave for 10 min. Sections were preincubated with NGS 
(1:10 dilution) for 10 min at RT and subsequently incubated with a mix of cathepsin D 
and pSer21/9 GSK-3 for 16h at 4°C. After washing sections were incubated with SwαRBIO 
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(1:300 dilution) and Envision goat anti mouse HRP (undiluted, DAKO) for 60 min at RT. 
Sections were washed and incubated with sAF (1:100 dilution, Dako) for 60 min at RT. 
Sections were developed using DAB, and subsequently developed using LPR. 

For all doublestainings, nuclei were stained with haematoxylin and sections were 
mounted using Aquamount (BDH Laboratories Supplies, Radnor, PA, USA). Cross-
reactivity controls were generated by omission of primary antibodies. The Nuance 
spectral imaging system (Cri, Woburn, MA, USA) was used to analyze the double-stained 
sections.256 Spectral libraries of single-brown (DAB), single-red (LPR) and haematoxylin 
were obtained from control sections. The spectral library was used to unmix the different 
reaction products in double stained sections into black and white images. These images 
represent the localisation of each reaction product and were converted to fluorescent-like 
images composed of pseudo-colours by the Nuance software.  

Results 
UPR activation decreases total and pSer21/9 GSK3 levels and increases 
GSK-3 activity in vitro
We first investigated the effect of UPR activation on the expression level and 
phosphorylation status of GSK-3 in vitro. An In Cell ELISA colorimetric assay, combined 
with GSK-3 and phosphorylated GSK-3 specific antibodies, was used to investigate 
GSK-3 in differentiated SK-N-SH neuroblastoma cells. The different (phospho) specific 
antibodies used in this study do not distinguish the paralogous proteins GSK-3α and 
GSK-3β. Cells were treated with tunicamycin (Tm) to chemically induce the UPR. Tm 
inhibits N-linked glycosylation, leading to the accumulation of proteins in the ER and 
subsequent activation of the UPR. Wortmannin (Wm) and lithium chloride (LiCl) were 
used as controls for stimulation and inhibition of GSK-3 activity, respectively. Treatment 
with Tm caused a dose-dependent decrease in total GSK-3 levels that reached statistical 
significance for 0.5 µg/ml Tm (14% reduction, p<0.05) and 1.0 µg/ml Tm (23% reduction 
(p<0.01). Furthermore, Tm treatment led to a decrease in pSer21/9 GSK-3 levels (20% 
(p<0.05), 33% and 36% (p<0.01) reduction for 0.2, 0.5 and 1.0 µg/ml Tm, respectively), 
whereas pTyr216/279 GSK-3 levels did not change (Figure 1A). When pSer21/9 and 
pTyr216/279 GSK-3 are presented as a percentage of total GSK-3, Tm led to a decrease 
in pSer21/9 (13%, 22% and 16% reduction (p<0.01)) and an increase in pTyr216/279 
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GSK (18%, 15% (p<0.01) and 27% increase (p<0.05), for 0.2, 0.5 and 1.0 µg/ml Tm, 
respectively), findings that are indicative of increased GSK-3 activity (Figure 1B). In 
accordance with literature, Wm resulted in 50% (p<0.01) decrease 457,66 and LiCl in 15% 
(p<0.05) increase 465 of pSer21/9 GSK-3, consistent with stimulation and inhibition of 
GSK-3 activity, respectively (Figure 1A and B). Figure 1C demonstrates that levels of 
the ER resident molecular chaperone BiP increased after Tm treatment (29%, 52% and 
81% increase (p<0.05) for 0.2, 0.5 and 1.0 µg/ml Tm, respectively) indicating the UPR 
is activated under these conditions. As expected, neither Wm nor LiCl led to increased 
BiP levels. Interestingly, we did not observe any significant changes in total GSK-3 levels 
following treatment with LiCl or Wm, suggesting UPR mediated regulation of GSK-3 
activity occurs via a different mechanism, involving regulation of expression levels of 
GSK-3 and its phosphorylated isoforms. 

Next we investigated whether the Tm induced changes in the relative amounts of pSer21/9 
and pTyr216/279 GSK-3 have an actual effect on protein kinase activity. The activity of 

Figure 1: UPR activation leads to a specific decrease in pSer21/9 GSK-3 levels and increased GSK-
3 activity. Differentiated SK-N-SH cells were treated with increasing concentrations of Tm for 16h. 
Total and phosphorylated levels of GSK-3 and the ER chaperone BiP were investigated using an 
In Cell ELISA colorimetric assay. Shown is one representative experiment for the In Cell ELISA 
assay, all measurements were performed in triplicate and each experiment was performed at least 
three times. A: Tm leads to a dose dependent decrease in total GSK-3 and pSer21/9 GSK-3 levels, 
whereas pTyr216/279 GSK-3 levels are unaffected. B: When pSer21/9 and pTyr216/279 GSK-3 are 
expressed as a percentage of total GSK-3, Tm leads to a decrease in pSer21/9 and an increase in 
pTyr216/279 GSK-3 C: Levels of BiP increased following treatment with Tm, indicating the UPR 
is active under these conditions. D: GSK-3 activity was determined by measuring the incorporation 
of radioactive phosphate on a GSK-3 specific substrate peptide in lysates of SK-N-SH cells treated 
with Tm. Bars represent the mean + SEM of two independent experiments. *p<0.05 **p<0.01.
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GSK-3 was measured using an assay described by Ryves et al.464 Using this method, 
GSK-3 activity can be measured in crude cell extracts. In short, the transfer of γ-32P from 
[γ-32P] ATP to a GSK-3 specific primed substrate peptide was measured using scintillation 
counting. Each sample was assayed in the presence and absence of LiCl and the difference 
between these values was used as a measure of GSK-3 activity. As expected, Wm resulted 
in an increase in GSK-3 activity (80% increase (p<0.05)), indicating we can measure 
changes in activity in this setup. Also Tm resulted in a significant and consistent increase 
in GSK-3 activity (21% increase (p<0.05), Figure 1D)). These data are in accordance 
with the changes in phosphorylation of GSK-3 after Tm treatment and confirm that UPR 
activation leads to an increase in GSK-3 activity. 

GSK-3 immunoreactive granules are present in the hippocampal neurons 
of tauopathy cases
Our in vitro data suggest a connection between UPR activation and GSK-3 protein levels 
and protein kinase activity. We have previously demonstrated that UPR activation occurs 
in AD and in non-AD tauopathies in close relation to tau pathology.2,3,256 Therefore, we 
investigated the expression of GSK-3 and its phosphorylation status in the hippocampus 
of different tauopathies (Table 2). These cases are clinically diagnosed with PiD, PSP 
or FTD and are histopathologically classified as frontotemporal lobar degeneration with 
tau positive inclusions (FTLD-tau). The hippocampi of these FTLD-tau cases showed 
extensive tau pathology and UPR activation 256, making it a suitable region to investigate 
the connection between UPR activation, tau phosphorylation and GSK-3. 

In all investigated cases, including non-demented controls, we observed diffuse GSK-
3 immunoreactivity in the soma and axons of the hippocampal neurons. Little to no 
reactivity was evident in the surrounding neuropil or in non-neuronal cells (Figure 2A,B). 
In addition, small but intensely stained GSK-3 immunoreactive granules were present 
in hippocampal neurons of all (both sporadic and MAPT associated) tauopathy cases. 
We investigated the phosphorylation status of GSK-3 using pSer21/9 and pTyr216/279 
GSK-3 specific antibodies. The pSer21/9 GSK-3 antibody revealed intensely stained 
immunoreactive granules in the tauopathy cases, similar to those observed with the pan 
GSK-3 antibody (Figure 2E-G). Little pSer21/9 GSK-3 immunoreactivity was observed 
in the soma or axons of hippocampal neurons. Immunohistochemical staining for 
pTyr216/279 GSK-3 revealed a punctuate staining pattern, we observed no differences 
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between control and tauopathy cases (data not shown). Combined, our data show that 
granules consisting of inactive, Ser21/9 phosphorylated, GSK-3 are present in the 
hippocampal neurons of tauopathy cases and are not present in non-neurological controls.

GSK-3 immunoreactive granules occur in neurons which have activated 
the UPR 
In order to more precisely investigate the connection between UPR activation and GSK-
3 immunoreactive granules, we performed double immunohistochemistry on a subset 

Figure 2: GSK-3 and pSer21/9 GSK-3 reactive granules are present in hippocampal neurons in 
tauopathy cases. Immunohistochemistry was performed to evaluate the expression of GSK-3 and 
its phosphorylation status in tauopathies. A: Expression of GSK-3 is apparent in the pyramidal 
neurons of the hippocampus (control case). B-G: Higher magnification images are shown from 
a representative control, sporadic (s) PiD and a MAPT mutation carrier assayed for the presence 
of total GSK-3 (B-D) and pSer21/9 GSK-3 (E-G). Intensely stained granules were visible with 
the GSK-3 and pSer21/9 GSK-3 antibodies in tauopathy cases. Nuclei were counterstained using 
haematoxylin. Arrows indicate GSK-3 immunoreactive granules. Scalebars: 200 and 50 µm.
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Figure 3: GSK-3 immunoreactive granules occur in neurons that have an activated UPR. Double 
immunohistochemistry was performed on a subset of our cohort using GSK-3/pSer21/9 GSK-3 
and pPERK antibodies. A: Shown is a low magnification area of the CA1 region of a sporadic 
PiD case (#2) stained with GSK-3 (brown) and pPERK (pink). Nuclei were counterstained with 
haematoxylin (blue). B,C: Spectral imaging was performed on higher magnification images (B1,C1) 
to unmix the different chromogens and GSK-3 (B2,C2) and pPERK (B3,C3) are shown separately 
and as a merge with artificial colours (GSK-3, green; pPERK, red, B4,C4). D,E: The same approach 
was used for pSer21/9 GSK-3 (brown) and pPERK (pink) double immunohistochemical stainings 
(D1,E1). Spectral imaging was performed and pSer21/9 GSK-3(D2, E2) and pPERK (D3, E3) 
are shown separately and as a merge with artificial colours (pSer21/9 GSK-3, green; pPERK, red, 
D4,E4). Shown are representative neurons that contain (pSer21/9) GSK-3 reactive granules and 
pPERK (B,D). Neurons lacking pPERK also do not contain (pSer21/9) GSK-3 reactive granules 
(C,E). Arrows indicate pPERK reactive granules, arrowheads indicate (pSer21/9) GSK-3 reactive 
granules. Scalebar: 50 µm.
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of our cohort [cases 2, 4, 10 and 15]. Phosphorylated (p) PERK was used as a marker 
of an active UPR, combined with antibodies directed against GSK-3 (Figure 3A-C) 
and pSer21/9 GSK-3 (Figure 3D,E). In all investigated cases pPERK and GSK-3 or 
pSer21/9 GSK-3 immunoreactive granules co-occurred in the same neurons. No direct 
colocalization between pPERK and (pSer21/9) GSK-3 was observed. We have previously 
demonstrated that UPR activation occurs in pre-tangle neurons in the brain of AD and 
FTLD-tau.256 Thus, the finding that pSer21/9 GSK-3 granules also accumulate in neurons 
with an active UPR, suggests a functional connection between UPR activation, GSK-3 
and tau phosphorylation.

pSer21/9 GSK-3 immunoreactive granules are positive for the lysosomal 
protease cathepsin D
We have recently shown that UPR activation leads to the preferential activation of the 
autophagy/lysosomal route in order to degrade accumulated proteins (Chapter 4).256 
Our in vitro data show that levels of inactive pSer21/9 GSK-3 decrease following UPR 
activation, whereas we find accumulation of pSer21/9 GSK-3 in granules in tauopathies. 
This led us to hypothesize that during an active UPR pSer21/9 GSK-3 is degraded by 
the lysosomal pathway, leading to a relative increase in active pTyr216/279 GSK-3 and 
increased kinase activity. 

Figure 4: pSer21/9 GSK-3 immunoreactive granules are positive for the lysosomal marker 
cathepsin D. Double immunohistochemistry was performed on a subset of our cohort. A: Shown 
is a high magnification image of the hippocampal CA1 region of a sporadic PiD case (#2) 
stained with pSer21/9 GSK-3 (brown) and cathepsin D (pink). Nuclei were counterstained with 
haematoxylin (blue). B: Spectral imaging was performed to unmix the different chromogens and 
assign artificial colours (pSer21/9 GSK-3: green, cathepsin-D: red). C: Colocalization between 
pSer21/9 GSK-3 and cathepsin D is shown as blue colour. Scalebar: 10 µm.
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We performed double immunohistochemistry on cases 2 and 15 using antibodies directed 
against the lysosomal protease cathepsin D and pSer21/9 GSK-3. As expected, the 
cathepsin D antibody revealed a granular staining pattern, in accordance with its presence 
in lysosomes. A large fraction of pSer21/9 GSK-3 positive granules were also cathepsin 
D positive (Figure 4A-C). Thus, in tauopathies pSer21/9 GSK-3 is targeted to lysosomal 
structures.

The UPR induces lysosomal degradation of GSK-3 in vitro
If the lysosomal route is indeed responsible for UPR mediated degradation of GSK-3, then 
inhibition of lysosomal degradation during the UPR should rescue GSK-3 levels in vitro. 
In this experiment differentiated SK-N-SH cells were treated with Tm in the presence 
or absence of bafilomycin A (BAF). This compound inhibits lysosomal degradation by 
inhibiting the vacuolar-type ATPase and increasing the pH of lysosomal vesicles.466,467 
Levels of GSK-3 were assayed using the In Cell ELISA colorimetric assay. As shown 
before, induction of the UPR led to a significant decrease in total GSK-3 levels. Co-

Figure 5: The UPR induces lysosomal degradation of GSK-3 in vitro A: Differentiated SK-N-SH 
cells were treated with increasing concentrations of Tm for 16h in the presence or absence of BAF. 
Total levels of GSK-3 and pSer21/9 and pTyr216/279 GSK-3 were determined using the In Cell 
ELISA colorimetric assay. The Tm induced decrease in total GSK-3 was prevented by inhibition 
of lysosomal degradation with BAF. B: Differentiated SK-N-SH cells were starved for 2h and total 
levels of GSK-3 and pSer21/9 and pTyr216/279 GSK-3 were determined using the In Cell ELISA 
colorimetric assay. Amino acid deprivation reduced GSK-3 and pSer21/9 GSK-3 levels whereas 
levels of pTyr216/279 were unaffected, indicating pSer21/9 is a specific substrate for autophagy/
lysosomal degradation. Shown is one representative experiment for the In Cell ELISA assay, all 
measurements were performed in triplicate and each experiment was performed at least two times.
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treatment of Tm with BAF rescued the Tm induced degradation of GSK-3 whereas no 
effect was observed on pTyr216/279 levels (Figure 5A). This suggests that a pTyr216/279 
negative subset of GSK-3 is targeted for lysosomal degradation. Based on our other data 
we suggest that pSer21/9 GSK-3 is a likely candidate for this selective degradation by 
the lysosomes. We were unable to obtain informative results with pSer21/9 GSK-3, 
because treatment with BAF alone decreased the level of pSer21/9 GSK-3 (Figure 5A). 
In order to verify that pSer21/9 GSK-3 is indeed a substrate for lysosomal degradation, 
activity of the autophagy/lysosomal pathway was induced in SK-N-SH cells by amino 
acid deprivation 468,469 for 2h. Levels of GSK-3, pSer21/9 and pTyr216/279 GSK-3 were 
assayed. Amino acid deprivation led to a decrease in GSK-3 and pSer21/9 GSK-3 levels 
(Figure 5B), but had no effect on pTyr216/279 levels. This indicates that pSer21/9 but not 
pTyr216/279 GSK-3 is a substrate for macro-autophagy and is degraded in the lysosomes. 

Discussion
In this study we have identified a specific mechanism for activation of GSK-3 via the UPR, 
which may explain the close association of the UPR and early stages of tau pathology. UPR 
activation in an in vitro cell model led to a decrease in protein levels of total and inactive 
Ser21/9 phosphorylated GSK-3, resulting in a relative increase in active Tyr216/279 
phosphorylated GSK-3 and increased protein kinase activity. Increased activity of GSK-3 
by UPR activation was previously observed 313,397 but the mechanism remained elusive. 
In the current study we provide evidence that UPR mediated activation of the tau kinase 
GSK-3 occurs via the lysosomal degradation of inactive GSK-3. Regulation of GSK-
3 activity by lysosomal degradation has been shown in primary cardiac myocytes. In 
this study overexpression of the lysosomal protease cathepsin L decreased the amount of 
inactive pSer21/9 GSK-3, whereas knockdown enhanced the level of pSer21/9 GSK-3.470 
Both the classical GSK-3 activator Wm as well as the widely used inhibitor LiCl affect 
the level of pSer21/9 GSK-3, but via a different mechanism, because the GSK-3 protein 
levels are not affected by either treatment. 

In tauopathies, the inactive, Ser21/9 phosphorylated, form of GSK-3 was found to 
accumulate in granules in hippocampal neurons. GSK-3 immunoreactive granules were 
previously observed in hippocampal neurons in AD brain.471,3 The presence of Aβ in the 
AD brain may complicate the analysis of the connection between GSK-3 and the UPR as 
Aβ was shown to increase GSK-3 activity 472 and sensitize cells for UPR activation.151,152 
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In our cohort of non-AD tauopathies Aβ pathology was only rarely observed 256, allowing 
study of the connection between UPR activation and GSK-3 without confounding 
effects of Aβ. Double immunohistochemistry revealed pSer21/9 GSK-3 immunoreactive 
granules to occur in neurons of the tauopathy brain that had activated the UPR. We 
previously demonstrated that in the AD and FTLD-tau brain UPR activation occurs 
in neurons that contain diffusely distributed p-tau (Chapter 3). Our observations in 
this study further strengthen the connection between UPR activation, GSK-3 and tau 
phosphorylation. pPERK and other UPR markers are commonly observed in granules 
with a distinct morphological profile, referred to as granulovacuolar degeneration 
(GVD).3,256 We observed no colocalisation between pPERK and pSer21/9 GSK-3 
reactive granules. Instead, a large fraction of pSer21/9 GSK-3 was found to colocalise 
with cathepsin D immunoreactive lysosomal structures suggesting inactive GSK-3 is 
targeted to the lysosomes. This is corroborated by in vitro data that show that inhibition 
of lysosomal degradation prevents the UPR induced decrease in GSK-3 levels. In this 
experiment we were unable to obtain informative results for the degradation of pSer21/9 
GSK-3, because treatment with BAF alone decreased the level of pSer21/9 GSK-3. 
Stimulation of lysosomal degradation by amino acid starvation does induce a selective 
decrease in pSer21/9 GSK-3, therefore the effect of BAF is probably indirect. BAF was 
shown to induce time dependent changes in phosphorylation of insulin receptor signalling 
components, including PKB/Akt which targets GSK-3 Ser21/9.473 Thus, the decrease in 
pSer21/9 GSK-3 levels that we observe might be caused by BAF acting on upstream 
components of the insulin signalling pathway. Starvation activates the autophagy/
lysosomal route by inhibiting mTOR, the major regulator of autophagy induction and 
does not involve signalling via kinases that target GSK-3 Ser21/9. 

In our cell model pTyr216/279 GSK is apparently not subject to UPR induced 
degradation. Also in post-mortem tissue, the localisation of this phosphorylated isoform 
is not changed in tauopathies compared to control cases. We can not exclude that also 
some GSK-3 that is not phosphorylated at pSer21/9 is degraded. However, the strongest 
UPR induced decrease is in the fraction that is phosphorylated at pSer21/9, suggesting 
that this phosphorylated isoform is specifically targeted for degradation. UPR activation 
leads to increased autophagy 415, which would be a possible pathway to direct material 
for lysosomal degradation. We previously reported that during UPR activation the 
autophagy/lysosomal pathway is the preferred pathway for degradation (Chapter 4).407 
Induction of autophagy by starvation also leads to a reduction in total and pSer21/9 GSK-
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3, indicating that GSK-3 is a substrate for macro-autophagy. Alternatively, lysosomal 
targeting of pSer21/9 GSK-3 may be achieved by fusion of a granule with a lysosome, 
or pSer21/9 GSK-3 may be actively recruited to the lysosomes via a mechanism like 
chaperone mediated autophagy. Autophagy is a dynamic process of which the activity 
is difficult to assess in situ.187 In our previous work we observed high levels of LC-3 in 
neurons that had activated the UPR in AD hippocampus, which is indicative of disturbed 
autophagic flux.407 This may be caused by disturbed lysosomal function, which is a well-
established feature of AD.416,474,301 The accumulation of pSer21/9 GSK-3 may reflect the 
recruitment of pSer21/9 GSK-3 into lysosomal compartments which are not efficiently 
cleared because of an underlying defect in lysosomal degradation. Phosphorylation of 
Ser21/9 is known to act as a competitive inhibitor of the GSK-3 kinase domain in cis.63 If 
Ser21/9 phosphorylated GSK-3 is also capable to block GSK-3 substrate binding in trans, 
the selective loss of Ser21/9 phosphorylated GSK-3 would result in enhanced overall 
GSK-3 activity. Our activity data indicate that the inhibitory phosphorylation of GSK-
3 at Ser21/9 at least, to some extent, functions as a dominant negative, which would 
support such a mechanism. Also in the absence of actual degradation, the sequestration of 
pSer21/9 GSK-3 into the lysosomal compartment is expected to increase GSK-3 activity 
and promote tau phosphorylation. 

In summary we present a novel mechanism by which the UPR increases activity of the 
major tau kinase GSK-3. When UPR activation persists, a prolonged increase in GSK-3 
activity may disturb the balance between the activity of tau kinases and phosphatases in a 
way that favours increased tau phosphorylation and aggregate formation. 
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Summary and general discussion
The presence of aggregates of misfolded proteins in many neurodegenerative 
disorders indicates that protein quality control mechanisms have been compromised 
or are incapable to restore protein homeostasis (Chapter 2). In this thesis we show 
that in neurodegenerative disorders that are classified as tauopathies activation of the 
unfolded protein response (UPR) is increased. This event coincides with the pathogenic 
accumulation of the microtubule associated protein tau. Our data indicate that UPR 
activation contributes to increased levels of phosphorylated tau (p-tau), a prerequisite for 
the formation of tau aggregates. 

UPR activation: a common event in tauopathies
Previously we reported that markers of an active UPR are increased in Alzheimer’s 
disease (AD).2,3 These studies indicated a close association between UPR activation 
and increased levels of p-tau. To further elucidate the link between UPR activation 
and tau phosphorylation we investigated the involvement of the UPR in disorders 
histopathologically classified as frontotemporal lobar degeneration with tau positive 
inclusions (FTLD-tau). This included cases diagnosed as Pick’s disease (PiD), progressive 
supranuclear palsy (PSP) and familial frontotemporal dementia with parkinsonism 
linked to chromosome 17 (FTDP-17). Similar to AD, in FTLD-tau we observed a strong 
association between UPR activation and tau phosphorylation. Markers of an active 
UPR were observed in neurons that contained diffusely distributed p-tau that had not 
(yet) formed an inclusion body. Thus, UPR activation is a common pathomechanism in 
tauopathies and is associated with early tau pathology (Chapter 3).256 Our observations 
from post mortem brain tissue suggest a functional relationship between UPR activation 
and the accumulation of p-tau. 

Accumulation of insoluble protein deposits, as occurs in tauopathies, suggests an 
underlying disruption in cellular proteolysis (Chapter 2). We first investigated whether 
UPR activation is employed to enhance the activity of the cellular proteolysis systems. 
In vitro UPR activation led to increased activity of autophagy and had no effect on 
the ubiquitin proteasome system (UPS, Chapter 4).407 This indicates that autophagy 
is the major degradational pathway following UPR activation in neuronal cells. Next, 
we assessed the functional connection between the UPR and p-tau. Overexpression of 
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human tau (h-tau) did not influence the UPR in vitro. In addition, no UPR activation was 
found in the brains of a transgenic mouse model with high levels of phosphorylated and 
aggregated h-tau at different stages of tau pathology. However, in vitro UPR activation 
led to a mild increase in tau phosphorylation, indicating that the UPR lies upstream in the 
signalling cascade leading to tau phosphorylation (Chapter 5). We linked UPR activation 
to increased activity of the major tau kinase glycogen synthase kinase-3 (GSK-3). Our data 
show that UPR activation induces selective degradation of the Ser21/9 phosphorylated, 
inactive, GSK-3 isoform via the autophagy/lysosomal pathway (Chapter 6).

UPR activation is increased in patients with AD and FTLD-tau compared to controls 
(Chapter 3).256 The pronounced presence and relatively high number of neurons positive 
for UPR markers suggests that in the tauopathy brain UPR activation is not a transient 
event but occurs chronically. Chronic UPR activation indicates that cells are incapable 
of resolving the underlying disruption in ER homeostasis. The precise nature of this 
disruption remains unknown. Recently a polymorphism in the gene encoding PERK, 
EIF2AK3, was identified as a risk factor for developing PSP, one of the tauopathies we 
studied.398 In addition, a polymorphism in the gene encoding the ER chaperone protein 
disulfide isomerise 475 (PDI), PDIR, was shown to be a risk factor for developing primary 
open angle glaucoma (POAG).476 These studies suggest that subtle alterations in ER 
stress transducers or ER protein folding factors may contribute to disease development. 
Furthermore, neurons rely on a continuous supply of glucose and oxygen by the blood and 
disruptions in glucose and oxygen metabolism have been shown to induce the UPR.477,478 
Several key ER chaperones require optimal Ca2+ concentrations for their protein folding 
activity and disruptions in ER Ca2+ homeostasis can also lead to UPR activation.479,480 
In AD, amyloid β (Aβ) may contribute to UPR activation. Aβ is generated in the ER of 
neuronal cells 481 and increased intracellular Aβ production sensitizes cells for ER stress 
toxicity.152 In addition, extracellular oligomeric Aβ was readily internalized 482 and this 
resulted in a moderate UPR response 151 perhaps via induction of Ca2+ release from the 
ER.483 

UPR activation is essentially a protective response aimed at restoring ER homeostasis.126,149 
However, if homeostasis can not be resolved, UPR activation leads to caspase activation 
and apoptosis.484-486 Chronic UPR activation in tauopathies might be insufficient to induce 
apoptosis. A strong increase in immunoreactivity for pPERK, pIRE1 and the downstream 
UPR targets peIF2α and GRP-78/BiP was observed in AD brain.2,3 We also observed a 
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strong increase in reactivity against phosphorylated (p) PERK and pIRE1 in FTLD-tau 
(Chapter 3, peIF2 and BiP were not assessed).256 This indicates that at least two of the 
three UPR signalling routes are highly active in the tauopathy brain. Even though signs 
of apoptotic cell death are not very pronounced in the AD brain 487, rapidly occurring 
apoptosis may not be readily identified. Alternatively, the UPR might be modulated in 
such a manner that favours the pro-survival pathways. This is in line with findings that 
mature neurons, which need to survive for a lifetime, have downregulated their apoptotic 
pathways.488 

In our model system UPR activation lies upstream of tau phosphorylation. We and 
others 313 only observed a moderate increase in tau phosphorylation upon UPR activation 
in vitro (Chapter 5). This is in line with the difficulties to reproduce aggregates of 
hyperphosphorylated tau in cell models by increasing levels of p-tau.116 Also, in animal 
models the expression of high levels of mutant h-tau containing FTDP-17 associated 
mutations is necessary to produce disease-like tau pathology.117 This implies that an 
additional event is necessary to cause the accumulation and subsequent aggregation of 
p-tau. Mounting evidence suggests that a disruption in lysosomal metabolism is involved 
in AD disease pathogenesis. Abnormalities in the lysosomal system have been identified 
in neurons of the AD brain in both familial (fAD) and sporadic cases (sAD). This included 
disruptions in the endocytic pathway at an early disease stage 306 and a progressive build-
up of incompletely digested substrates in autophagosomal vesicles.301 Both the endocytic 
and the autophagy route converge at the level of the lysosomes and accumulation of 
endocytic and autophagic vesicles is indicative of a disruption in lysosomal proteolysis. 
Presenilin-1 (PS1) was shown to be essential in lysosomal acidification and PS1 mutations 
causing early-onset fAD show the accumulation of undegraded autophagosomal vesicles 
in patient fibroblasts.307 It remains unknown whether in sAD and in fAD not associated 
with PS1 mutations, lysosomal degradation is impaired because of a functional defect 
in the pathway or whether the increased demand for lysosomal metabolism disrupts 
autophagosomal flux. Our group demonstrated that oligomeric, but not fibrillar, Aβ1-

42 is internalized into SK-N-SH neuroblastoma cells via the endocytic pathway and is 
transported to the lysosomes.482 Other studies have indicated that Aβ1-42 is poorly degraded 
by lysosomes 489 and that its accumulation in lysosomes causes leakage of lysosomal 
enzymes, referred to as lysosomal membrane permeabilization (LMP).490 Aβ peptides 
of varying size and with varying posttranslational modifications are found in the human 
brain. One of these variants is pyroglutamate modified Aβ (Aβ3(pE)-42), which is more 
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stable and has an increased aggregation propensity and toxicity compared to unmodified 
Aβ.476,491 Data generated in our group indicate that oligomeric Aβ3(pE)-42 induces LMP 
more potently than oligomeric Aβ1-42.

492,493 Thus, in AD Aβ1-42 may contribute to the defect 
in the lysosomes and hamper lysosomal degradation of endocytic and autophagosomal 
substrates. Disruptions in lysosomal metabolism have been most extensively studied in 
AD. In this thesis we show evidence that lysosomal dysfunction also occurs in other 
tauopathies. In our study we observed markers of UPR activation in granules that 
morphologically resembled granulovacuolar degeneration (GVD) in AD and FTLD-tau 
(Chapter 3). Furthermore, we observed high levels of the autophagy protein LC-3 in 
neurons that had activated the UPR in AD (Chapter 4). In addition, the inactive form of 
GSK-3, which is targeted for autophagy/lysosomal degradation by the UPR, was found to 
accumulate in lysosomal structures in FTLD-tau (Chapter 6). 

Our data indicate that induction of autophagy/lysosomal degradation by the UPR is 
an important event in the pathomechanism of tauopathies. The autophagy/lysosomal 
system is activated in response to an increased demand for proteolytic degradation in 
the ER or cellular compartments connected to the ER. Markers of an active UPR are 
observed as GVD granules in both AD and FTLD-tau, consistent with the notion that 
upon UPR activation parts of the ER are targeted for degradation by the autophagy/
lysosomal system. The ER is an extensive network localized throughout the neuron and 
the selective degradation of certain parts of the ER, the part that for example senses and 
signals the ER stress, may more quickly return it to its homeostatic state. In addition, the 
autophagy/lysosomal pathway regulates the sequestration and degradation of inactive, 
Ser21/9 phosphorylated, GSK-3 and in this manner enhances tau phosphorylation. On a 
background of disrupted lysosomal clearance ER homeostasis might not be adequately 
restored by the UPR and prolonged UPR activation may lead to detrimental effects. 

Continued activation of the UPR will further increase GSK-3 activity by sequestering it 
into lysosomal structures (Chapter 6). It is expected that even though these structures 
are not degraded, inactive GSK-3 is still sequestered and this will still lead to increased 
overall GSK-3 activity and tau phosphorylation. Phosphorylated tau is highly aggregation 
prone and quickly forms aggregates that can not be efficiently cleared if the autophagy/
lysosomal system is disrupted. Diminished activity of the tau protein phosphatase 
PP2A has been reported in AD brain 97,494,495 and reduced activity of PP2A, and possibly 
other protein phosphatases, may contribute to the increase in levels of p-tau. Little is 
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Figure 1: The mechanisms of the UPR in tauopathies. UPR activation leads to increased activity 
of the autophagy/lysosomal pathway. This increases the cell’s proteolytic capacity and enhances 
tau phosphorylation via the selective degradation of inactive GSK-3. These events are aimed at 
restoring homeostasis to the ER. However, if homeostasis can not be restored, UPR activation 
is prolonged and becomes a chronic event. On a background of already impaired autophagy/
lysosomal degradation, as is observed in tauopathies, this leads to the accumulation of p-tau and 
neurodegeneration. Therapeutical approaches (orange boxes) are aimed at decreasing levels of 
p-tau and its aggregation and different players in the signalling route may be targeted. Inhibition 
of GSK-3 activity by lithium decreases levels of p-tau. The same may be achieved by enhancing 
activity of protein phosphatases, e.g. PP2A. Enhancing activity of PP2A may have dual effects as it 
directly targets tau and the Ser 21/9 residue on GSK-3. Furthermore, levels of p-tau may be lowered 
by enhancing activity of the proteasome or by tau vaccination protocols. Tau aggregation inhibitors 
may prevent tau oligomerization and keep it available for proteasomal degradation. Upstream in 
the signalling cascade, lysosomal replacement therapy may enhance efficiency of the autophagy/
lysosomal system, favouring the rapid degradation of p-tau. Modulation of the UPR by salubrinal, 
valproate or small molecule modulators may permit activation of UPR protective routes but inhibit 
detrimental routes. 
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known concerning the dynamics of tau mediated regulation of the microtubule network. 
However, tau hyperphosphorylation is thought to disrupt transport of cargo into the axons 
and towards the synapse.496,497 Strikingly, we observed diminished UPR activation in cells 
that had formed a highly aggregated inclusion body, e.g. neurofibrillary tangles and Pick 
bodies in AD and PiD, respectively. This might imply that storing aggregated proteins in 
an inclusion body, sequestered away from essential components, is beneficial. Removing 
these proteins from the immediate load of targets destined to be degraded might restore 
the balance between proteolytic demand and capacity and diminish accumulation in the 
autophagy/lysosomal pathway. If cells fail to form an inclusion body prolonged UPR 
activation may eventually lead to apoptosis and cell loss. Alternatively, cells that form an 
inclusion body may become senescent and can therefore no longer maintain the UPR or 
other cellular functions. This is in accordance with ghost tangles that can be observed in 
the AD brain. Here the surrounding neuron has been ‘cleared’ possibly via degradation 
by microglia and the tangle remains.498 This thesis demonstrates that the UPR is an early 
event in tauopathies that in conjunction with the autophagy /lysosomal system enhances 
levels of p-tau leading to neurodegeneration. A model describing this pathway is depicted 
in Figure 1.

Therapeutic options in tauopathies
Directly targeting the formation of p-tau either by inhibition of phosphorylation or 
stimulation of dephosphorylation are therapeutic options for tauopathies. Lithium, an 
aselective inhibitor of GSK-3 activity, is capable of lowering p-tau levels both in vitro 
313,499 and in vivo.500,462 Lithium was shown to decrease levels of p-tau in rat brain 313 
and was shown to arrest tangle formation in a transgenic mouse model with advanced 
tau pathology.462 In addition, lithium treatment prevented tau hyperphosphorylation 
and tangle formation in FTDP-17 h-tau and GSK-3 overexpressing mice.125 However, 
in this model already formed tangles were not cleared. Interestingly, lithium is a drug 
that is already widely used in the clinic for the treatment of bipolar disorder and is 
being tested for its efficacy in AD and mild cognitive impairment (MCI). In a recent 
study lithium treatment was associated with a significant decrease in cerebrospinal fluid 
concentrations of p-tau and with better performance of cognitive tasks in patients with 
MCI.501 An earlier study using patients diagnosed with mild AD failed to show an effect 
of lithium on levels of p-tau in the CSF or on other AD markers.502 However, in this study 
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patients were treated with lithium for 10 weeks, compared to 12 months in the earlier 
described study. Long term treatment with lithium may be necessary to observe effects on 
GSK-3 activity and levels of p-tau and is expected to be most beneficial in early stages 
of the disease. Treatment with lithium gives many side effects 503 and currently more 
specific GSK-3 inhibitors are being developed including competitive inhibitors that bind 
to the GSK-3 substrate binding site.504,505 Furthermore, animal studies have shown that 
lithium treatment does not reduce already formed tangles, indicating that another -for 
example an autophagy/lysosomal degradation stimulating factor- is necessary to clear 
inclusion bodies. An alternative to decreasing activity of tau kinases is enhancing the 
activity of tau phosphatases. The small molecule FTY720 (fingolimod, Gilenya) that 
was recently (2011) approved by the European Medicines Agency for use in multiple 
sclerosis enhances activity of PP2A, the major tau phosphatase.506 This drug might also be 
applicable for lowering levels of p-tau in AD and other tauopathies. In addition, synthetic 
RVxF-peptides have been shown to activate PP1 by binding to its regulatory site.507 

Other strategies that target the tau protein are aimed at preventing its aggregation or at 
clearing p-tau via immunization strategies. Tau aggregation inhibitors aim at preventing 
the formation of tau oligomers and fibrils. One of the first compounds indentified that 
blocked tau oligomerization was methylene blue, which was shown to disrupt the structure 
of isolated PHFs and inhibited tau multimerization.508 A more recent study demonstrated 
that methylene blue attenuated tau pathology in a transgenic mouse model via the 
induction of autophagy.509 In a library screen of over 200 000 compounds, members of 
the family of the anthraquinones, organic compounds that contain an aromatic ring, were 
shown to prevent paired helical filament (PHF) formation and dissolve preformed PHFs.510 
Historically, in AD vaccination techniques focused on Aβ and the clearance of Aβ from 
the brain. However, these studies have shown limited efficacy and removal of Aβ did not 
halt disease progression. More recently, tau vaccination techniques have been explored 
to reduce levels of p-tau in several transgenic animal models. In these studies transgenic 
animals were vaccinated with p-tau peptides and this significantly lowered levels of 
p-tau and prevented the formation of NFTs.511-513 In an AD mouse model expressing all 
6 h-tau isoforms and a presenillin mutation, tau vaccination prevented cognitive decline 
and cleared abnormal tau from the brain.513 However, in these studies animals were 
vaccinated before the onset of NFTs and this did not address whether pre-existing tangles 
also dissipate with vaccination. 
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In several mouse models for neurodegeneration, including Huntington’s disease, 
Parkinson’s disease (PD) and also AD, induction of autophagy by the mTOR inhibitor 
rapamycin has proven beneficial in degrading already formed inclusion bodies.514-516,361 
However, in human tauopathies we do not expect rapamycin to be beneficial as it 
only enhances autophagosome formation on a background of defective or impaired 
lysosomal degradation. Alternatively, lysosomal enzyme replacement therapy (ERT) 517 
and restoration of the function of the lysosomes, could be used to enhance or restore 
autophagic flux. ERT was initially developed to treat lysosomal storage disorders. These 
disorders are caused by a hereditary defect in a lysosomal enzyme, or in its targeting to 
the lysosomes, that leads to lysosomal accumulation of complex macromolecules, e.g. 
sphingolipids and glycoproteins.518 The prototypical LSD that is successfully treated by 
ERT is Gaucher’s disease tye 1. Here, systemic administration of the lysosomal enzyme 
β-glucosidase restores lysosomal degradation of the lipid glucosylceramide. 

Enhancing lysosomal capacity in affected cells in the tauopathy brain is expected 
to contribute to restoring ER homeostasis but also to clearing already formed small 
aggregates and inclusion bodies. Lysosomal ERT could be a viable treatment option for 
patients with FTDP-17. This disorder arises between the 3rd and 5th decade and p-tau 
pathology is thought to accumulate even earlier. This indicates that the autophagy/
lysosomal system, efficiency of which decreases with age, is quickly overwhelmed and 
is incapable of degrading accumulated p-tau. An underlying difficulty with using ERT 
for neurodegenerative disorders is crossing of the blood brain barrier (BBB). However, 
several studies have addressed this problem in animal models and novel techniques, e.g. 
reversible osmotic barrier opening and use of BBB receptor mediated transport, are being 
developed. In the case of fAD with PS1 mutations lysosomal acidification is impaired and 
therefore in these disorders ERT is not a viable option. In this case an alternative would 
be enhancement of the activity of the UPS, strategies for which are described in Chapter 
2. Degrading monomeric, phosphorylated or newly translated tau, would prevent further 
accumulation into inclusion bodies. 

The UPR as a therapeutical target in tauopathies
As the UPR is activated early in tauopathies and precedes increased tau phosphorylation 
and aggregation it poses an interesting therapeutical target. Attenuation of the UPR, by for 
example, designing small molecules that either prevent ER stress sensor activation or that 
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inhibit their downstream signalling, could prevent chronic UPR activation. Full inhibition 
of the UPR is not expected to be beneficial as cells can no longer adequately control ER 
homeostasis. Alternatively, modulating different pathways of the UPR might convey a 
protective effect. Several drugs have already been shown to act on the UPR. Salubrinal, 
an inhibitor of eIF2α dephosphorylation, was shown to protect against ER stress induced 
cell death 379 and was protective in a PD cell model.519 In addition, the chemical valproate 
was shown to protect against ER stress induced toxicity by increasing intracellular levels 
of GRP-78/BiP 396 and thus enhancing the capacity of the ER to cope with disrupted 
homeostasis. Furthermore, valproate preserved oligodendrocytes and axons in a model 
for spinal cord injury by inhibiting the UPR pro-apoptotic protein CHOP.520 In addition to 
a direct effect on the UPR, valproate was recently shown to reduce tau phosphorylation 
via the inhibition of CDK-5 and GSK-3β in a cell and animal model.521, 522 Thus, valproate 
could be an interesting treatment option with dual action in tauopathies. 
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Conclusion and future studies
In this thesis we demonstrate that the UPR is an early event in tauopathies that lies 
upstream of tau pathology. Therefore, in vivo models of tauopathies, in which mutant tau 
is overexpressed, bypass this important early step of UPR activation. It is thus pivotal to 
identify the initial inducer of ER stress in the tauopathy brain. Interestingly, diabetes is 
a risk factor for developing AD, the major tauopathy.523 Glucose deprivation is a known 
inducer of the UPR 524 and a disruption in insulin signalling and glucose metabolism in 
the brain may trigger ER stress. Regional reductions in brain glucose metabolism are 
apparent in MCI 525 and in AD 526, thus linking reduced brain metabolism to pathology. 
Furthermore, ischemia and traumatic brain have been shown to activate the UPR in 
animal models. In tauopathies it is unknown whether ER stress is caused by a transient 
stress inducer, after which neurons are inadequate at restoring ER homeostasis and the 
UPR is not switched off, or whether ER stress is caused by a continuous disruption of ER 
homeostasis. 

Much is known about the signalling of the separate arms of the UPR, however little is 
known about the timing of their activation or whether cell specific modulation of the 
UPR occurs. It is important to further dissect the involvement of selective pathways 
of the UPR, to determine whether a specific signalling route of the UPR is responsible 
for tau phosphorylation. This may be achieved with drugs like Salubrinal or constructs 
that express active UPR components and transcription factors. This will facilitate the 
development of selective UPR modulating drugs that may be implemented for the 
treatment of tauopathies. 
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Nederlandse samenvatting
De ziekte van Alzheimer en andere tauopathieën
De ziekte van Alzheimer (AD) is de meest voorkomende vorm van dementie en 
wordt gekenmerkt door het verlies van geheugen, aangeleerde vaardigheden en 
stemmingswisselingen. Het ontstaan van AD is nog grotendeels onbekend. In families 
waarin AD genetisch wordt doorgegeven (familiaire AD) zijn genen gevonden die 
verantwoordelijk zijn voor het ontstaan van de ziekte maar de meeste gevallen ontstaan 
sporadisch, meestal tussen de leeftijd van 65 en 80 jaar. 

Wanneer we in de hersenen kijken van patiënten die zijn overleden aan AD zien we 
verschillende dingen. Ten eerste zijn de hersenen kleiner dan die van personen die niet aan 
een hersenziekte zijn overleden. Dit komt omdat in AD een groot aantal hersencellen, de 
‘neuronen’, verdwijnen. Dit is de reden waarom AD een neurodegeneratieve aandoening 
wordt genoemd. Ten tweede zijn er aggregaten, kluwen van eiwitten, zichtbaar tussen en 
in de neuronen. De extracellulaire aggregaten noemen we ‘plaques’ en bestaan grotendeels 
uit het peptide (stukje eiwit) ‘amyloid β’. De intracellulaire aggregaten noemen we 
‘neurofibrillary tangles (NFTs)’en bestaan uit het eiwit ‘tau’. Tau is een eiwit dat bindt 
aan de microtubili, de snelwegen waarlangs transport (o.a. eiwitten en organellen) van en 
naar verschillende delen van de cel plaatsvindt. Tau speelt een rol in het behouden van 
de stabiliteit van de microtubili en het regelen van het transport. Het binden van tau aan 
de microtubili wordt gereguleerd door fosforylatie, een post-translationele modificatie 
waarbij een fosfaat groep aan het eiwit wordt vastgemaakt. In de ongefosforyleerde 
staat bindt tau aan de microtubili, fosforylatie leidt tot loslating. Het tau wat gevonden 
wordt in de NFTs is sterk gefosforyleerd. Het is aangetoond dat sterke fosforylatie de 
aggregatiesnelheid van het tau eiwit vergroot. Aggregaten van gefosforyleerd tau komen 
ook in andere neurodegeneratieve aandoening voor. Dit zijn o.a. de ziekte van Pick (PiD), 
progressieve supranucleaire palsy (PSP) en frontotemporale dementie en parkinsonisme 
met tau positieve inclusies (FTDP-17).

De ‘unfolded protein response’ een vroege gebeurtenis in AD
In neurodegeneratieve aandoeningen ontstaan aggregaten lange tijd voordat patiënten 
klinische verschijnselen krijgen. Er wordt gedacht dat dit de belangrijkste reden is 
waarom er nog geen effectieve therapieën zijn ontwikkeld voor deze ziektes. Daarom is 
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het belangrijk om vroege gebeurtenissen in deze aandoeningen te vinden, welke een rol 
spelen in de ziekte voordat de aggregaten ontstaan. Één van deze vroege gebeurtenissen is 
de ‘unfolded protein response’ (UPR). De UPR is een stress reactie van het endoplasmisch 
reticulum (ER). Het ER is een belangrijk onderdeel van de cel; een groot aantal van de 
nieuw gemaakte polypeptide ketens in de cel worden hier tot een uiteindelijk functioneel 
eiwit gemaakt, we noemen dit ‘eiwitvouwing’. De UPR wordt geactiveerd wanneer de 
eiwitvouwing in het ER wordt verstoord en probeert vervolgens de normale werking van 
het ER, de homeostase, te herstellen. UPR activatie zorgt voor een vermindering van de 
algemene eiwit synthese, een verhoging van de expressie van factoren die een rol spelen 
bij de eiwitvouwing in het ER en een verhoging van de cellulaire afbraak . De UPR is 
dus een beschermende reactie. Alleen, wanneer de UPR de verstoring in het ER niet kan 
herstellen, leidt dit tot geprogrammeerde celdood (apoptose). In Hoofdstuk 1 en 2 wordt 
de huidige kennis van het tau eiwit, de UPR en de effecten van de UPR op verschillende 
cellulaire processen beschreven. 

Onderzoek uit ons laboratorium heeft aangetoond dat the UPR is geactiveerd in AD. Dit 
gebeurt al in een vroeg stadium van de ziekte en is sterk geassocieerd met de aanwezigheid 
van gefosforyleerd tau in de neuronen. Vanwege deze sterke associatie hebben wij de 
UPR bestudeerd in andere tauopathieën, o.a. PiD, PSP en FTDP-17. Verhoogde niveaus 
van markers voor een actieve UPR werden d.m.v. immunohistochemie aangetoond in 
post-mortem hersenmateriaal van patiënten met de beschreven tauopathieën (Hoofdstuk 
3). Deze verhoging werd niet gevonden in gezonde patiënten of in andere onderzochte 
neurodegeneratieve aandoeningen. Dit suggereert dat de UPR een gemeenschappelijk 
mechanisme is in tauopathieën.

Het ontstaan van aggregaten in cellen suggereert een defect in de afbraak, proteolyse, 
van eiwitten. Proteolyse kan gebeuren door het ‘ubiquitin proteasome system’ (UPS) en 
het ‘autofagie/lysosomale systeem’. Het UPS breekt monomere eiwitten af die voorzien 
zijn van een ubiquitine marker, een soort vlaggetje wat eiwitten voor afbraak markeert. 
Tijdens autofagie wordt er een membraan om het af te breken deel van de cel gevormd. 
Vervolgens fuseert dit afgesloten stukje met een lysosoom, welke enzymen bevat die 
verantwoordelijk zijn voor de proteolyse. Cellulaire onderdelen die op deze manier 
worden afgebroken zijn veelal defecte celorganellen, maar ook (kleine) aggregaten. Het 
autofagie/lysosomale systeem kan ook monomere eiwitten afbreken die door een actief 
systeem in de lysosomen terecht komen. Zowel het UPS als het autofagie/lysosomale 
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systeem is van belang voor het voortbestaan van de cel. In Hoofdstuk 2 worden deze 
systemen, en hoe ze samenwerken, in detail beschreven. In Hoofdstuk 4 bestuderen we 
het effect van de UPR op de proteolytische systemen van de cel. Wij beschrijven dat 
UPR activatie zorgt voor een verhoging van de activiteit van het ‘autofagie lysosomale 
systeem’ en geen effect heeft op het ‘UPS’. Onze data suggeren dat de UPR de activiteit 
van het ‘autophagy/lysosomale systeem’ verhoogt om zo de verstoring van de homeostase 
in het ER op te lossen. Dit zou kunnen gebeuren door de autofagie/lysosomale afbraak 
van een gedeelte van het ER. 

Onze data laten een connectie zien tussen de UPR en tau fosforylatie in patiënten materiaal 
(Hoofdstuk 3). In Hoofdstuk 5 bestuderen we de precieze relatie tussen de UPR en tau 
fosforylatie. Leidt UPR activatie tot tau fosforylatie of leidt een verhoogd niveau van 
gefosforyleerd tau tot activatie van de UPR? Om deze vraag te beantwoorden hebben 
we verschillende modellen gebruikt. Een cel systeem waarin tau tot overexpressie werd 
gebracht vertoonde geen activatie van de UPR. Ook in een muizenmodel wat mutant tau 
tot expressie brengt, werd geen UPR activatie gevonden. Chemische inductie van de UPR 
in een celmodel leidde to verhoogde tau fosforylatie. Dus, UPR activatie is een factor die 
bijdraagt aan het verhogen van de niveaus van gefosforyleerd tau in de cel, wat vervolgens 
een aggregaat kan vormen. In Hoofdstuk 6 onderzoeken we het effect van de UPR op 
een van de belangrijkste tau kinases, GSK-3, verantwoordelijk voor tau fosforylatie. De 
UPR leidt tot verhoogde activatie van GSK-3 en doet dit via de lysosomale afbraak van 
inactief GSK-3.

In Hoofdstuk 7 worden de bevindingen van dit proefschrift beschreven. Een belangrijke 
bevinding is dat de UPR geactiveerd is in alle onderzochte tauopathieën. De UPR leidt 
tot verhoogde activiteit van het ‘autofagie/lysosomale systeem’ om zo de homeostase 
in het ER te herstellen. Tegelijkertijd leidt UPR activatie ook tot verhoogde activiteit 
van GSK-3 en verhoogde tau fosforylatie. Gedacht wordt dat in eerste instantie al deze 
gebeurtenissen een beschermend effect hebben op de cel. Door verhoogde tau fosforylatie 
kan het transport langs de microtubili aangepast worden en verhoogde autofagie/
lysosomale afbraak draagt bij aan het herstellen van de verstoorde situatie in het ER. 
Echter, verschillende studies hebben een lysosomaal defect aangetoond in AD. Onze 
bevindingen suggereren dat dit ook het geval is voor de andere tauopathieën (Hoofdstuk 
4). Dit betekend dat in tauopathieën UPR gemedieerde autofagie/lysosomale degradatie 
niet adequaat plaats kan vinden en de verstoring van de homeostase van het ER niet 



201

Summary (Dutch)

hersteld kan worden. We hebben ook aangetoond dat, ook al werken de lysosomen 
niet optimaal, inactief GSK-3 toch naar deze structuren wordt gerecruteerd en op deze 
manier de activiteit van het overgebleven GSK-3 wordt verhoogd. Dit zorgt ook voor 
verhoogde niveaus van gefosforyleerd tau in de cel. Omdat de homeostase in het ER niet 
hersteld kan worden, blijft de UPR actief, wat leidt tot hoge niveaus van gefosforyleerd 
tau en uiteindelijk verlies van (de functie van) de neuronen. Hoofdstuk 7 geeft ook een 
beschrijving van de mogelijke therapeutische ingangen voor therapie in tauopathieën, o.a. 
modulatie van de UPR, herstellen van de functie van de lysosomen en vermindering van 
de activiteit van GSK-3.

Het onderzoek beschreven in dit proefschrift heeft bijgedragen aan onze kennis over 
hoe aggregaten in neurodegeneratieve aandoeningen ontstaan. Het mechanisme dat is 
bestudeerd, de ‘Unfolded Protein Response’, is betrokken in een vroeg stadium van 
tauopathieën, voordat de aggregaten ontstaan, en draagt actief bij aan het ontstaan 
van deze aggregaten. Dit biedt mogelijkheden om de ‘Unfolded Protein Response’ als 
therapeutisch aangrijpingspunt te gebruiken voor de behandeling of ter preventie van 
neurodegeneratieve aandoeningen zoals de ziekte van Alzheimer en frontotemporale 
dementie.
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