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Chapter 1

Neurodegenerative diseases touch the essence of  human being, as they destroy the 
components of  the brain that determine capacities like memory, personality, voluntary 
movement and mood. Which symptoms arise depends on the brain regions where 
neurodegeneration takes place (Fig. 1). Neurodegeneration in the hippocampus – a brain 
area with key functions in learning and memory – underlies memory loss in Alzheimer’s 
disease (AD), whereas in frontotemporal dementia (FTD) neurons degenerate in the frontal 
cortex – a brain area with key functions in behavioral control – resulting in personality 
changes. On the neuropathological level, many neurodegenerative diseases share a common 
feature: neuronal loss is accompanied by the deposition of  misfolded proteins in multimeric, 
highly-ordered, filamentous aggregates called amyloid [94, 181]. Accordingly, these 
neurodegenerative diseases are often referred to as neurodegenerative proteinopathies or 
amyloidoses. The principal component of  the protein aggregates varies per disease. For 
example, the protein tau accumulates in Alzheimer’s disease (AD) and other tauopathies 
and the prion protein in human prion diseases (Fig. 1). The exact relation between protein 
aggregation and neurodegeneration remains to be elucidated, but the existence of  familial 
forms of  neurodegenerative proteinopathies caused by mutations in the genes encoding these 
aggregating proteins [60, 82, 84, 157, 158] underscores their key role in disease pathogenesis.

Human prion diseases and tauopathies
In this thesis, the focus will be on human prion diseases and tauopathies. Human prion 
diseases are rare neurodegenerative proteinopathies that affect 1-2 individuals per million 
worldwide annually [88]. Human prion diseases are characterized by misfolding of  the 
endogenous prion protein (PrP-Cellular or PrPC). The ubiquitously expressed PrPC contains 
a glycosyl-phosphatidylinositol (GPI)-anchor that facilitates insertion into the plasma 
membrane. In addition, PrPC is found along the biosynthetic and endocytic pathways [136, 
142, 217]. PrPC engages in a high number of  signaling cascades [127]. In the brains of  
human prion disease patients, a misfolded variant (PrP-Scrapie or PrPSc) of  PrPC forms 
aggregates, predominantly extracellular. PrPSc in these aggregates is detergent-insoluble and 
commonly partially protease-resistant. Many human prion disease subtypes exist, which 
differ in the type and localization of  PrPSc aggregates within the brain, thus leading to diverse 
clinical phenotypes. Human prion diseases also vary in their etiology, which can be sporadic, 
dominantly inherited via mutations in the PrP-encoding gene PRNP or acquired [3, 11, 77, 
108, 162, 215]. The most prevalent human prion disease is sporadic Creutzfeldt-Jakob disease 
(sCJD) accounting for ~85% of  all cases, followed by familial forms such as familial CJD 
(fCJD), fatal familial insomnia (FFI) and Gerstmann-Sträussler-Scheinker syndrome (GSS). 
Less than 1% of  human prion diseases are acquired by exposure to a PrPSc-containing agent, 
with most of  these cases being iatrogenic (transmitted via medical or surgical procedures). 
Acquired human prion disease subtypes that result from contamination via the food chain 
are even more rare, yet the most notorious, and include variant CJD (vCJD) which has been 
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linked to the consumption of  meat from cows with the prion disease bovine spongiform 
encephalopathy [3, 88].
Tauopathies are neurodegenerative proteinopathies characterized by the misfolding of  tau, 
a protein encoded by the MAPT gene. In the human brain, six tau isoforms exist that differ 
in the presence of  zero to two near-amino-terminal inserts (0N, 1N or 2N) and either three 
or four carboxyl-terminal repeat domains (3R or 4R) [20, 205]. Tau is mainly expressed 
by neurons and only low levels can be detected in non-neuronal cell types, including glia 
[98]. Within neurons tau primarily localizes to the axon [13] where it binds to tubulin via 
residues located in its microtubule binding domain, which comprises the three or four repeat 
domains [96]. The binding affinity of  tau to microtubules is predominantly regulated by 
phosphorylation, although other post-translational modifications also play a role. Accordingly, 
tau fulfills microtubule-related functions, including the regulation of  microtubule dynamics, 
neurite outgrowth and axonal transport along microtubules. [8, 20, 205]. In the brains of  
tauopathy patients, tau is found in a hyperphosphorylated state in detergent-insoluble, 
intracellular aggregates [20, 69, 86, 122, 182]. Tauopathies are often categorized as 3R (e.g. 
Pick’s disease), 4R (e.g. progressive supranuclear palsy (PSP), corticobasal degeneration 
(CBD) and argyrophilic grain disease (AGD)) or mixed 3R + 4R tauopathies (e.g. AD 
and chronic traumatic encephalopathy (CTE)), referring to the tau isoform composition 
of  the aggregates. These differentially composed tau aggregates are found in specific brain 
areas and cell types in the different tauopathies. Furthermore, tauopathies are classified 
as primary or secondary tauopathies. In primary – or pure – tauopathies, tau pathology 
is the major neuropathological hallmark, whereas in secondary tauopathies tau pathology 
is combined with the deposition of  another protein (e.g. AD is characterized by both tau 
and amyloid-β (Aβ) aggregates). Tauopathies are therefore neuropathologically and clinically 
highly heterogeneous [65, 113, 122, 163]. Although most tauopathies occur sporadically, 
dominantly inherited mutations in MAPT lead to familial forms of  primary tauopathies such 
as frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) [188]. 
Secondary tauopathies can be caused by mutations in other genes. For example, mutations in 
the genes encoding the Aβ precursor amyloid precursor protein (APP) and the APP-cleaving 
γ-secretases presenilin 1 and 2 (PSEN1 and PSEN2) cause familial AD [60, 124, 177]. AD 
is the most common neurodegenerative disorder (with a prevalence of  1450 individuals per 
100.000 population in the United States). Other tauopathies are much less common (e.g. 
2/100.000 and 5/100.000 individuals/population in the United Sates for Pick’s disease and 
PSP, respectively) [161], but still more prevalent than human prion diseases.
In summary, both human prion diseases and tauopathies can be classified into subtypes 
among which clinicopathological heterogeneity is observed: differences in disease etiology 
and in the primary localization and type of  protein aggregates in the brain give rise to diverse 
clinical phenotypes (Fig. 1).
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Fig. 1 Neurodegenerative proteinopathies are clinically and neuropathologically highly heterogeneous. Aggregates 
of  the same protein are associated with different clinical presentations, depending on the brain regions where 
those aggregates deposit and neurodegeneration takes place. Vice versa, aggregates of  different proteins depositing 
in the same brain area can give rise to a similar clinical phenotype. In this schematic overview, the primary 
localization of  protein aggregates in some of  the neurodegenerative proteinopathies discussed in this chapter 
is shown. Protein aggregates gradually affect more brain areas, resulting in progressive symptom deterioration 
and the emergence of  additional symptoms (e.g. cognitive symptoms often arise later in the disease course of  
patients with neurodegenerative motor disorders). a, b, i FTD, PSP and ALS are part of  a spectrum of  clinically, 
genetically and neuropathologically overlapping disorders. a In FTD, protein aggregates deposit in the frontal and 
temporal cortices. FTD and FTD/ALS subtypes are distinguished based on the protein found in those aggregates. 
FTD is characterized by behavioral changes. b The presence of  tau aggregates in the basal ganglia and brain stem 
is the neuropathological hallmark of  PSP, which is considered as a movement disorder. c In the brains of  AD 
patients, tau aggregates are found in the hippocampus. In addition, Aβ aggregates are found throughout the cortex 
of  AD patients, qualifying AD as a secondary tauopathy. AD patients present with memory complaints. d In 
sporadic, familial and variant CJD patients, PrPSc aggregates are found in the cortex, leading to a broad spectrum of  
neurological symptoms. e PrPSc aggregates are found in the thalamus of  patients with FFI, a disease characterized 
by insomnia. f In the brains of  GSS patients, PrPSc aggregates deposit in the cerebellum. GSS patients present with 
ataxia. g, h Parkinson’s disease and MSA are neuropathologically characterized by the accumulation of  α-synuclein, 
either in the substantia nigra in Parkinson’s disease patients (g) or in the basal ganglia and cerebellum in MSA 
patients (h), leading to motor impairment. In MSA patients, ataxia can be a prominent feature. i ALS is characterized 
by the presence of  protein aggregates in the motor cortex, which leads to muscle weakness. ALS and FTD/ALS 
subtypes are distinguished based on the protein found in those aggregates. Image adapted from [172]
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Protein aggregation
Although different proteins aggregate in human prion diseases, tauopathies and other 
neurodegenerative proteinopathies, the underlying biochemical principles are shared. In 
these diseases, endogenous proteins become corrupted as they undergo a post-translational, 
conformational conversion into a misfolded state. The amino acid sequence of  the native 
and misfolded variant of  the protein is the same, but they differ vastly in terms of  secondary 
structure and propensity to aggregate. In contrast to their native counterparts, the misfolded 
conformers have a high β-sheet content. The misfolded variant of  the protein promotes – 
or “seeds” – the conformational conversion of  the native protein via a direct interaction in 
which the misfolded protein acts as a structural template. This results in amplification of  the 
misfolded state and catalyzes the aggregation in a self-perpetuating process. The elongation 
of  the protein aggregate leads to the formation of  a variety of  assemblies, such as oligomers 
(soluble pre-fibrillar assemblies of  approximately 3 to 50 monomers) and protofibrils 
(elongated, soluble pre-fibrillar assemblies), and eventually gives rise to detergent-insoluble 
amyloid. Fragmentation of  the growing aggregates yields new seeds that fuel the continuous 
replication cycle [61, 121, 197]. The initial misfolding of  the native protein is a stochastic, 
but thermodynamically unfavorable process that is called the lag phase. This is the rate-
limiting step of  the aggregation process. Addition of  a seed shortens the lag phase, leading 
to an earlier start of  the elongation phase that is characterized by exponential growth, as 
aggregation in this phase is thermodynamically favorable. Therefore, the net effect of  
seeding is accelerated aggregation [38, 53, 131, 143, 144]. In addition to the presence of  
seeds, cofactors such as the polyanionic macromolecules heparin and RNA stimulate the 
aggregation process in vitro [48, 63, 87, 92]. Furthermore, some pathogenic mutations in the 
genes encoding the aggregating proteins are associated with enhanced aggregation kinetics 
[6, 62, 99, 145, 199]. In sporadic disease variants, an age-related drop in the efficacy of  
protein clearance mechanisms may increase the load of  spontaneously formed seeds, thereby 
lowering the energy barrier of  the lag phase [61, 200]. 

Cell non-autonomous seed propagation
As mentioned above, human prion diseases can be acquired via contact with a PrPSc 
contaminated source, including neurosurgical instruments, electroencephalographic 
electrodes, cadaveric human pituitary-derived growth hormone preparations, dura mater 
grafts, corneal transplants, transfused blood and cattle-derived food products [18, 108, 
162]. The existence of  these acquired human prion diseases shows that PrPSc can propagate 
pathology between brain cells, brain regions, organs, individuals and even species. The 
concept of  a protein as a transmissible, disease-causing agent was first coined by Griffith in 
1967 [68] and enunciated by Prusiner in 1982 [160] following his work on prion diseases in 
animals and humans. This now widely accepted “protein-only” hypothesis postulates that the 
transmissible agent in prion diseases is a protein, namely PrPSc, which induces and propagates 
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disease by conversion of  PrPC via self-replication. Key evidence supporting this hypothesis 
includes inactivation of  the infectious agent upon treatments that denature proteins, but 
not by treatments modifying nucleic acids [160]. Furthermore, mice lacking PrPC expression 
(Prnpo/o) are not susceptible to prion disease when challenged with PrPSc, whereas after re-
introduction of  PrPC transgenes these animals do succumb to disease [21]. In addition, 
it was shown that a PrPC-expressing neural graft in the brain of  Prnpo/o mice developed 
PrPSc pathology upon the intracerebral, but not intraocular, intraperitoneal or intravenous 
inoculation with PrPSc [14, 17]. Together, these data show that PrPSc replication and spread is 
strictly dependent on PrPC-expressing cells, such as neurons and cells in the lymphoreticular 
and peripheral nervous system that enable neuroinvasion [3, 208]. The exact subcellular 
location of  PrPSc replication is unclear, but it is thought to occur at the cell surface and/or 
after internalization, possibly in endolysosomal or endosomal recycling compartments [36, 
64, 67, 136, 207]. Cell culture experiments indicate that PrPSc seeds can transfer between 
neighboring cells via direct cell contact [101], via extracellular vesicles such as exosomes [47, 
70] and plasma-membrane derived microvesicles [137] and via tunneling nanotubes [66]. 
In conclusion, PrPSc seeds can propagate to and replicate on/in neighboring cells, thereby 
spreading PrPSc aggregation.
Although there is no evidence for the interindividual transmission of  tau [95], it is 
hypothesized that the “prion-like”, cell non-autonomous spread of  tau seeds within 
the brain underlies the progressive nature of  tauopathies. This hypothesis stems from 
neuropathological observations. In the human AD brain, tau pathology follows a stereotypical 
distribution pattern along the anatomical connections: tau aggregates are first detected in 
the transenthorinal region, subsequently in the rest of  the hippocampal formation and are 
eventually found in all isocortical association areas [15]. Based on this sequential appearance, 
the severity of  tau pathology is classified post-mortem using a neuropathological staging 
system called the Braak staging for neurofibrillary tangle (NFT) pathology [15]. This 
post-mortem spreading pattern has been replicated by cross-sectional [32, 174, 176] and 
longitudinal [91] positron emission tomography (PET) studies using tau tracers in living 
humans. Stereotypical spatiotemporal distribution patterns of  tau pathology have also been 
described for the primary tauopathies Pick’s disease [89], PSP [209], AGD [168] and CTE 
[139]. This demonstrates the progressive involvement of  interconnected brain regions 
independent of  the starting point of  the tau pathology. In line with this, widespread tau 
seeding activity was found in brain areas predicted to be free of  tau pathology according 
to the NFT Braak staging of  those AD patients [56]. Additional post-mortem evidence 
argues against the alternative hypothesis that these hierarchical distribution patterns can be 
explained by differences in regional vulnerability to tau misfolding [202]. The localization 
of  tau pathology was studied in the brain of  an AD patient in whom part of  the frontal 
cortex got disconnected due to a white matter lesion following surgery to remove a tumor 
decades prior to death [42]. This revealed the complete absence of  tau aggregates from 
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the disconnected brain part, whereas the adjoining frontal cortex contained numerous tau 
deposits. These data point towards cell non-autonomous transmission of  tau seeds between 
brain cells, a concept that is fueled by an increasing amount of  data from experimental models. 
Cell culture studies have shown that tau aggregates can be internalized and subsequently seed 
intracellular tau aggregation. These newly formed aggregates propagate to other cells to 
continue the replication cycle [23, 44, 54, 71, 72, 169, 189]. Similar seeding and propagation 
properties have been demonstrated in vivo by the injection of  tau aggregates into the brain 
of  tau transgenic (Tg) and wild-type mice [33, 34, 73, 85, 155, 180]. These experiments 
were performed with synthetic, human tauopathy or tau Tg mouse brain- or cerebrospinal 
fluid-derived tau as initial seed. In a different approach, spatially limited human mutant tau 
transgene expression was obtained in mice either by employment of  the neuropsin promoter 
that specifically induces expression in a subset of  hippocampal cells or by the stereotaxic 
injection of  an adeno-associated virus [7, 25, 129]. In these mice, tau pathology propagated 
from brain areas with human tau expression to connected regions. Furthermore, it was 
shown that also intraperitoneal injection of  tau seeds leads to intracerebral tau pathology 
in tau Tg mice [35], demonstrating neuroinvasion under experimental conditions. Several 
mechanisms may account for the cell-to-cell propagation of  tau. In experimental settings, 
the vast majority of  tau is released into the extracellular space in a free, non-vesicular form 
[41, 204]. Tau can be released via unconventional secretion mechanisms from living cells [29, 
31, 102] or upon cell death and can be internalized via endocytic pathways [24, 54, 71, 79]. In 
addition, tau can travel shielded from the extracellular space via exosomes [204], ectosomes 
[41] and tunneling nanotubes [2, 191]. The subcellular location of  tau replication within 
seed-recipient cells is not known. In conclusion, cell non-autonomous seeded propagation 
of  tau has been shown in mouse and cell culture models. Final proof  that tau pathology 
spreads in tauopathy patients can be obtained when treatments targeting this process reduce 
the propagation of  tau pathology through the brain. 

Protein strains
As mentioned above, both human prion diseases and tauopathies are a spectrum of  
neuropathologically and clinically highly diverse subtypes. For human prion diseases it was 
shown that these phenotypic differences are critically related to biochemical differences in the 
PrPSc aggregates, including the glycosylation pattern of  PrPSc (un-, mono- or diglycosylated) 
and the PrPSc fragment size after protease digestion [77, 201]. These distinct biochemical 
properties of  PrPSc in the human brain are maintained upon passage into animals [3, 37]. In 
addition to the biochemical properties of  PrPSc, also phenotypic traits such as the incubation 
time and PrPSc localization pattern are maintained upon serial passage between animals [12, 
52]. PrPSc isolates that propagate distinct prion disease phenotypes are called “strains” [4]. 
Next to the difference in PrPSc fragment size found on blot, various other techniques – such 
as a conformation-dependent immunoassay [166] and infrared spectroscopy measurements 
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[28] – indicate that differences in the secondary structure of  PrPSc underly the existence 
of  different strains. The general consensus in the field is therefore that native PrPC can 
convert into a range of  structurally distinct PrPSc variants. These different conformers have 
different biological properties and thereby entail multiple disease phenotypes. In line with 
this, different tauopathies are characterized by specific neuropathological features [65, 113, 
122, 163] and biochemical properties of  tau [190] and these characteristics stably propagate 
to mice and cultured cells [33, 103, 147, 169]. This indicates the existence of  tau strains. 
Recent studies employing high-resolution cryo-electron microscopy have revealed that 
tau adopts distinct conformations in aggregates in AD [49], Pick’s disease [45] and CTE 
[46]. The existence of  different molecular conformers provides a molecular basis for strain 
variability. In conclusion, the existence of  conformation-based strains of  protein that exhibit 
differential, strain-specific biological properties may underly the clinicopathological diversity 
observed among subtypes of  human prion diseases and tauopathies. 

Neurotoxic protein assemblies
How the aggregation of  PrPSc and tau results in neurodegeneration is unknown. The 
protein aggregation pathway gives rise to various (transient) assemblies, including dimers, 
oligomers and protofibrils. The sequence of  events in the protein aggregation pathway is 
unclear: oligomers could either present aggregation intermediates “on” a linear pathway 
from monomer to fibril or present “off ” pathway side products of  parallel aggregation 
processes [152, 165]. Also the roles of  these different assemblies in neurotoxicity are not well 
understood. For long, it was thought that the mature fibrils are the molecular species conveying 
toxicity. However, several lines of  evidence argue against this. Intracerebral inoculation of  
PrPSc into Prnpo/o mice with a PrPC-expressing neural graft results in PrPSc accumulation and 
neurodegeneration within the graft [16]. PrPSc deposits were also detected in recipient PrPC-
lacking tissue, but this tissue never showed pathological changes. Furthermore, depletion of  
PrPC in mice with prion disease prevented neurodegeneration and clinical symptoms despite 
ongoing PrPSc deposition [134]. Together, these data indicate that PrPSc deposits itself  are 
not directly neurotoxic, rather PrPC is required to convey toxicity. In line with this, there are 
mice in which inoculation with PrPSc leads to clinical disease and neurodegeneration in the 
absence of  detectable PrPSc accumulation [120], indicating that deposition of  PrPSc is not 
a requirement for toxicity. Similarly, tau Tg mice conditionally expressing mutant human 
tau develop NFTs, neurodegeneration and memory impairment. Suppression of  transgene 
expression prevented further neuronal loss and improved memory, whereas NFT numbers 
persistently increased [170]. In the same and another tau Tg mouse model, loss of  synapses 
and neurons was detected prior to the formation of  NFTs [183, 214]. Furthermore, NFT-
bearing neurons appear to be “healthy” based on their ultrastructural morphology [5] and 
are functionally integrated in neuronal systems [51, 114] in tau Tg mice. Together, these 
data indicate that mature deposits of  PrPSc and tau are neither sufficient nor required for 
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toxicity, rather they may be inert or even neuroprotective, for example by the sequestration 
of  neurotoxic tau species. This led to the hypothesis that smaller protein assemblies are the 
most neurotoxic agents. Indeed, studies have shown toxicity exerted by soluble, multimeric 
PrPSc [105, 179] and tau [26, 50, 57, 117, 118] assemblies such as oligomers. Additionally, 
beneficial effects of  tau oligomer-targeted treatments have been shown [26, 27]. Importantly, 
the levels of  tau oligomers are elevated in the brains of  tauopathy patients [119, 154]. 
Therefore, soluble, multimeric protein assemblies that are generated during the aggregation 
process, prior to the formation of  mature amyloid fibrils, are increasingly recognized as the 
main toxic entity instigating neurodegeneration in human prion diseases and tauopathies. 
The different assemblies generated during protein aggregation have different functional 
effects, making it difficult to discern the exact mechanism by which PrPSc and tau induce 
neurodegeneration. This is further complicated by the intrinsic dynamic of  the structures 
produced during the aggregation process [117, 132], which leads to unstable aggregate 
preparations that contain a heterogeneity of  assemblies, making it hard to link functional 
effects to a well-defined molecular species. Neurodegeneration in human prion diseases 
and tauopathies occurs due to the loss of  physiological function of  PrPC/tau upon 
aggregation and/or the gain of  toxic function of  aggregated PrPSc/tau assemblies. Possible 
loss-of-function mechanisms include loss of  neuroprotective signaling for PrPC [3, 76] 
and microtubule disassembly and impaired axonal transport for tau [205]. Acute, neuron-
specific depletion of  PrPC in conditional knockout mice during adulthood does not lead to 
neurodegeneration [135]. Also tau knockout mouse models have no overt neurodegenerative 
phenotype – although compensation by MAP1a during brain development may have 
influenced these results [106]. These data suggest that loss-of-function mechanisms are not 
sufficient to explain neurodegeneration. Rather these mechanisms may act in combination 
with toxic gain-of-function mechanisms. Misfolded assemblies formed during aggregation 
may undergo a wide range of  improper interactions and thereby activate neurotoxic 
pathways [3]. Also oligomeric species of  non-disease-related proteins formed by in vitro 
fibrillization are toxic to cells, indicating that oligomers of  different proteins may share 
common, conformation-determined cytotoxic pathways [19, 104]. Taken together, the 
exact mechanisms that lead to neurodegeneration downstream of  PrPSc and tau aggregation 
remain to be discovered. 

Characterization of  granulovacuolar degeneration bodies
In search for mechanisms that play a role in PrPSc and tau-induced neurodegeneration, 
this thesis focuses on granulovacuolar degeneration bodies (GVBs). In 1911, Simchowicz 
described GVBs for the first time, in pyramidal neurons in the hippocampus of  AD patients 
[178]. Hereafter, GVBs have also been found in the brains of  patients with various other 
neurodegenerative proteinopathies as well as in individuals without neurological disease 
(discussed below). On the ultrastructural level, GVBs consist of  an electron-dense, granular 
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core within an electron-lucent matrix that is surrounded by a membrane [59, 78, 153]. Hence, 
GVBs are defined as cytoplasmic membrane-delineated clear vacuoles harboring a dense 
core or “granule”. The GVB vacuole and core measure between ~3 to ~5 µm and ~0.5 
and ~1.5 µm in diameter, respectively. The number of  GVBs per cell is highly variable, 
ranging from a few to dozens of  GVBs occupying the majority of  the cell body as well as 
localizing to (proximal) neurites. The presence of  GVBs within cells forms the lesion known 
as granulovacuolar degeneration (GVD) [110, 195]. 
Based on the basophilic and argentophilic properties of  the core, GVBs have traditionally been 
visualized using the non-specific histological staining methods hematoxylin and eosin (H&E) 
and silver impregnation techniques [110, 195]. Currently, GVBs are most commonly detected 
by immunolabeling. Among others, GVBs are immunoreactive for endo- and autolysosomal 
markers, proteins of  the unfolded protein response (UPR) and other cellular stress-related 
proteins, casein kinase 1 (CK1) isoforms, cytoskeletal components, aggregating proteins, tau 
kinases, ubiquitin and various transcription factors [110]. The most commonly used GVB 
markers that consistently detect GVD in human brain tissue are the endosomal charged 
multivesicular body protein 2B (CHMP2B), the UPR activation markers phosphorylated 
protein kinase R (PKR)-like endoplasmic reticulum kinase (pPERK), eukaryotic translation 
initiation factor 2α (peIF2α) and inositol-requiring enzyme 1α (pIRE1α), the CK1 isoforms 
CK1δ and CK1ε, and phosphorylated TAR DNA binding protein 43 (TDP-43) [59, 81, 97, 
110, 128, 194, 212]. 
GVBs carry marker proteins of  organelles in the endo- and autolysosomal pathways that 
deliver extra- and intracellular cargo, respectively, to lysosomes for degradation. GVBs are 
immunopositive for the early and recycling endosome marker phosphorylated Rab10 [213] 
and an antibody to the late endosome marker CHMP2B strongly stains the GVB core [55, 
212]. Furthermore, GVBs contain markers of  the final lysosomal stage of  these degradative 
pathways, namely the lysosomal hydrolase cathepsin D (CTSD) and the lysosomal 
membrane marker lysosome-associated membrane protein 1 (LAMP1) [55]. In contrast, 
GVBs are not or weakly immunopositive for the early stage autophagy markers microtubule-
associated protein 1A/1B-light chain 3 (LC3) [55] and p62 [55, 81, 164] – although others 
did report immunopositivity for p62 [97]. Therefore, the protein signature of  GVBs is 
most reminiscent to organelles at the late-stages of  the endo- and autolysosomal pathways, 
where these pathways converge. Disruptions in the endo- and autolysosomal systems have 
been implicated in the pathogenesis of  many neurodegenerative proteinopathies, including 
AD and primary tauopathies [150, 151, 156, 206]. GVBs may present an aberrant type of  
organelle originating from the endo- and autolysosomal pathways. 
GVBs are also immunopositive for the phosphorylated forms of  the UPR proteins pIRE1α, 
pPERK and its downstream target peIF2α [81]. The phosphorylated state of  these proteins 
is indicative of  activation of  the UPR: a cellular stress response initiated upon disturbances 
of  the protein folding homeostasis in the endoplasmic reticulum (ER). Protein folding 
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stress in the ER is sensed by IRE1α, PERK and activating transcription factor 6 (ATF6) 
that are localized in the ER membrane. These sensors activate the UPR signaling cascade, 
which is aimed to restore protein homeostasis in the ER, but prolonged activation may lead 
to cell death. Activation of  the UPR has been implicated in the disease course of  many 
neurodegenerative proteinopathies [173]. In addition to UPR activation markers, various 
other cellular stress-related proteins have been found in GVBs, including the key mediator 
in apoptotic signaling cascades caspase-3 [184, 187]. This may indicate that cells with GVBs 
are under cellular stress.
Antibodies to the CK1 isoforms CK1α, CK1δ and CK1ε strongly stain the GVB core [59]. 
CK1 protein kinases have highly diverse substrates and thus physiological functions [109]. 
Interestingly, tau is among the substrates of  CK1δ, which acts at disease-related epitopes 
(tau residues found phosphorylated in tauopathy patient brains) [30, 74, 126]. In addition to 
CK1δ, various other tau kinases – often in their active form – localize in GVBs, including 
glycogen synthase kinase-3β (GSK-3β) [81, 123], cyclin-dependent kinase (cdk5) [146], 
microtubule affinity regulating kinase isoforms 3 and 4 (MARK3 and MARK4) [130], stress-
activated protein kinase/c-jun N-terminal kinase (SAPK/JNK) [116], prostate-derived sterile 
20-like kinases (PSKs) [192], p38 mitogen-activated protein kinase (p38/MEK) [216], spleen 
tyrosine kinase (Syk) [171] and c-Abl [93]. Also tau itself  may be present in GVBs, but the 
data are contradictory and often dependent on the (type of) antibody used; phosphorylation-
dependent antibodies recognize GVBs more often than their phosphorylation-independent 
counterparts targeting the same protein [110]. Aggregating proteins other than tau have also 
been detected in GVBs. These include Aβ – in phosphorylated and non-phosphorylated form 
– [115] and TDP-43 – recognized by phosphorylation-dependent but not phosphorylation-
independent antibodies [97, 128]. 
In conclusion, GVBs are immunopositive for a variety of  proteins that engage in diverse 
cellular processes. The rationale for the localization of  these proteins in GVBs is unclear. 
Hence, the origin, identity and function of  GVBs are largely elusive.

GVBs: a neuropathological hallmark that accompanies tau pathology in AD and 
other tauopathies
GVBs have been first [178] and most described in the brains of  AD patients. Many studies 
have shown that although the hippocampal GVB burden increases with normal aging in 
the absence of  clinical symptoms [10, 186, 210], the amount of  neurons with GVBs in this 
brain area is further increased in AD patients compared to age-matched controls [9, 10, 
81, 186, 210]. Although GVBs are most often detected in hippocampal pyramidal neurons, 
GVBs can extend beyond the hippocampal formation. The distribution of  GVBs follows 
a stereotypical pattern through the brain, as described by the Thal GVD neuropathological 
staging system [194]. In the last three out of  five Thal GVD stages, GVBs are detected 
outside of  the hippocampus, for example in the hypothalamus and amygdala and eventually 
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also in frontal and parietal cortical areas. The Thal GVD stage is significantly higher in AD 
cases compared to controls [193, 194], indicating that in AD patients more brain regions are 
affected by GVBs. In AD patients the GVB load thus is increased both within and outside 
of  the hippocampus. 
A striking correlation between GVBs and the presence of  AD-related tau pathology is 
observed in the human brain. Firstly, the number of  neurons with GVBs and tau pathology 
correlate in the AD hippocampus [81]. In accordance, the hippocampal GVB load 
increases with the NFT Braak stage in AD patients [58, 81, 130]. Therefore, in the AD 
hippocampus a strong positive correlation exists between the local tau pathology and GVB 
load. Secondly, the distribution pattern of  GVBs in the human brain [194] resembles the 
characteristic distribution pattern of  AD-type tau pathology [15]: both lesions first occur in 
the hippocampal formation before spreading to other limbic and neocortical areas. Hence, 
the emergence of  GVBs follows a hierarchical sequence throughout the brain that is similar 
to that of  AD-related tau pathology. Lastly, in the AD brain GVBs are commonly detected 
in neurons with tau pathology. More specifically, GVBs are present in neurons with diffuse 
staining of  phosphorylation-dependent tau antibodies at disease-related epitopes, indicative 
of  an early – so called “pre-tangle” – stage of  tau pathology [81, 110, 211]. This indicates a 
specific association between GVBs and early tau pathology. Indeed, GVBs are rarely found 
in neurons with NFTs [58, 81, 100, 110, 211]. In conclusion, in the AD brain GVBs and tau 
pathology co-occur in the same brain regions and in the same cells. 
On the other hand, no correlation between GVBs and Aβ pathology was observed in the 
AD brain. The distribution pattern of  GVBs [194] does not correlate with the distribution 
pattern of  Aβ deposits in the AD brain [15]. In line with this, no correlation between GVBs 
and the occurrence extracellular Aβ aggregates was found in AD patients [198]. These data 
indicate that GVB location and frequency are linked to tau rather than Aβ pathology in the 
AD brain.
A significant increase in the number of  GVB-bearing neurons was also found in brain areas 
specifically affected by tau pathology in patients with the primary tauopathy PSP, including 
the brainstem and midbrain [186]. Upon further examination of  the pons, GVBs were 
commonly found in neurons with diffuse, early-stage tau pathology. Independent, descriptive 
studies also reported the presence of  GVBs in disease-specific brain areas in PSP patients 
[149, 175, 185]. In addition, the amount of  neurons with GVBs was significantly higher in 
patients with the pure tauopathy Pick’s disease compared to controls in the hippocampal area, 
one of  the brain regions affected in Pick’s disease [210]. Indeed, GVBs and Pick’s disease-
type tau aggregates co-occurred in the hippocampus of  Pick’s disease cases, sometimes in 
the same neurons and in the absence or low abundance of  AD-related NFTs [116, 149, 
159, 175, 196]. Hence, GVB frequency is also increased in primary tauopathy patients and 
correlates with the presence of  tau pathology. 
Descriptive studies have additionally reported GVBs in the brains of  patients with FTDP-17 



21

General introduction

1

caused by the MAPT mutations G272V, P301L and L315R [148, 149], pallido-ponto-nigral 
degeneration (PPND, caused by the N279K MAPT mutation) [175], CBD [40], argyrophilic 
grain disease (AGD) [194], parkinsonism dementia complex of  Guam (PDC) [175], Down 
syndrome [22, 175, 187], pantothenate kinase-associated neurodegeneration (previously 
known as Hallervorden-Spatz syndrome) [43] and myotonic dystrophy subtypes [146, 167, 
171]. It is important to note that the evidence for the specific occurrence of  GVBs in some 
of  these tauopathy subtypes is incomplete, as not all these studies focused on disease-specific 
brain areas and/or ruled out the presence of  concomitant AD-type tau pathology. GVBs 
are thus found throughout the spectrum of  tauopathies. The description of  GVBs and tau 
pathology in the brains of  very young patients (14 – 34 years of  age) with the myotonic 
dystrophy and tauopathy Fukuyama-type congenital muscular dystrophy [167] demonstrates 
that the co-occurrence of  these neuropathological alterations is independent of  age.
In summary, post-mortem studies of  the human brain affected by primary and secondary, 
sporadic and familial tauopathies have shown that, independent of  disease etiology and age, 
tau pathology and GVBs co-occur. The predominance of  GVBs in cells with early-stage tau 
pathology indicates a role for GVB formation early in the pathogenesis of  tauopathies.

GVBs in non-tau neurodegenerative disorders
Only few post-mortem studies have investigated the presence of  GVBs in neurodegenerative 
proteinopathies characterized by the aggregation of  proteins other than tau and Aβ. For 
most of  these disorders, the data are limited to a single study. Neuropathological examination 
of  brains of  patients with the α-synucleinopathies Parkinson’s disease and multiple system 
atrophy (MSA) have detected GVBs in brain regions and cells with α-synuclein pathology 
[75, 80, 133]. Furthermore, GVBs have been found in cells with aggregates composed of  
dipeptide repeat (DPR) proteins in patients with familial FTD/amyotrophic lateral sclerosis 
(ALS) caused by mutations in the C9orf72 gene [164]. A weakness of  these studies is that 
the presence of  concomitant tau pathology was not conclusively excluded. No association 
between GVBs and protein aggregates composed of  FUS [149] and TDP-43 [97, 149] was 
found in brains of  patients with FTD and FTD or AD with comorbid TDP-43 pathology, 
respectively. Furthermore, a single study in prion disease patients did not find a connection 
between GVBs and PrPSc pathology [198]. Taken together, these data suggest that in 
the human brain the occurrence of  GVBs is associated with the presence of  aggregates 
composed of  tau, α-synuclein and DPR proteins, whereas no link between GVBs and Aβ, 
TDP-43, FUS and PrPSc aggregates has been identified so far. Therefore, the presence of  
GVBs appears not to be a general feature of  proteinopathies but rather associated with 
specific protein depositions. However, this conclusion should be taken with some caution as 
the available data are very limited. 
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GVBs in experimental models
A few studies have reported GVBs in animal models. Because in various experimental 
studies the presence of  GVBs is claimed [1, 39, 83, 107, 138, 141, 203], but the presented 
evidence is not convincing, here we considered structures as proper GVBs if  they were 
either immunolabeled by at least one GVB marker revealing the characteristic GVB core 
and vacuole on light microscopy or double-labeled by two GVB markers (visualized using 
for example fluorescent microscopy). Most studies that adhere to this definition of  GVBs 
focused on the presence of  GVBs in tau Tg mouse models. In these mice, GVBs are detected 
at low levels in old animals: rare GVBs are found after at least 9 months of  transgene 
overexpression [90, 111, 112, 125, 140]. Although the scarcity of  GVB formation in tau 
Tg models limits their use for research into GVBs, these studies strengthen the connection 
between tau pathology and GVBs. GVBs were found in the brains of  aged tau Tg mice 
expressing human mutant tau – more specifically, in mice from the strains JNPL3 and pR5 
expressing human tau P301L [90, 111, 112, 125, 140] and PS19 expressing human tau P301S 
[31]. In contrast, GVBs were not or only rarely found in age-matched non-Tg littermates [31, 
111, 112, 140]. The GVB load in tau Tg mice increases with age, in parallel with the extent of  
tau pathology [111, 112, 140]. Furthermore, the majority of  neurons with GVBs also contain 
tau pathology [31, 111, 112, 140]. More specifically, GVBs were found in neurons with pre-
tangles [112], resembling observations from the human brain. Taken together, these studies 
indicate that GVBs arise in parallel with tau pathology as a result of  prolonged mutant tau 
overexpression in mice. 
A higher GVB load was found in bigenic TAPP mice that express both human tau P301L 
and human APP K670M/N671L compared to JNPL3 mice carrying only the human tau 
P301L transgene [90, 125]. This higher GVB frequency is likely related to the exacerbated 
tau pathology in TAPP mice rather than to the comorbid Aβ pathology, as GVBs are absent 
in mouse models of  pure Aβ amyloidosis – more specifically, in mice in which Aβ pathology 
develops as a result of  APP (strain: J20/APPSw,Ind) [140] or combined APP and PSEN1 
(strains: APPSLxPS1 and APPSwPS1) [112, 140] mutations. Hence, GVB formation does 
not result from mutant APP and PSEN1 overexpression in vivo, which is in line with the 
absence of  a correlation between GVBs and Aβ pathology in the human brain. 
So far, GVBs have not convincingly been shown in cell culture models. The lack of  suitable 
experimental models for GVB formation has hampered the generation of  further insight 
into their origin and function.
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Outline of  the thesis
Neurodegenerative disorders are characterized by the aggregation of  specific proteins in 
specific brain areas. This aggregation process gives rise to neurotoxic protein assemblies, but 
the mechanisms connecting protein aggregation to neurodegeneration are elusive. In various 
neurodegenerative disorders, GVBs have been observed in close connection with protein 
aggregation. GVBs have been relatively underinvestigated and little is known regarding their 
identity and function and their connection to protein accumulation. The aim of  this thesis 
was to study GVBs in the context of  human prion diseases and tauopathies. To this end, the 
relation between GVBs and the aggregation of  PrPSc and tau was investigated in the post-
mortem human brain, mouse models and newly developed cell culture models.
In Chapter 2, the connection between GVBs and PrPSc pathology was investigated in post-
mortem tissue of  a large cohort of  patients with different human prion disease subtypes. 
Immunolabeling was performed using the GVB markers CK1δ, pPERK and pIRE1α. 
Compared to the earlier publication on GVBs in prion disease patients [198], our cohort size 
was more than twice as large and included three previously unstudied human prion disease 
subtypes. Furthermore, we employed the more commonly used GVB marker CK1δ that was 
also used to establish the Thal GVD staging system [194]. Our data show that GVBs are not 
a common feature of  human prion pathology. Therefore, we conclude that GVB formation 
does not play a central role in the pathogenesis of  human prion diseases.
In Chapter 3, the connection between GVBs and tau pathology was investigated in 
mouse and cell culture models. The seeding of  tau pathology in mouse brain and cultured 
primary mouse neurons induced GVBs that have the protein signature and morphological 
characteristics of  GVBs in the human brain. Seed-induced intracellular tau pathology, but 
not seed exposure alone, caused GVB formation in a dose-dependent manner, specifically in 
neurons. Using these novel models of  GVB formation, GVBs were identified as lysosomal 
structures based on the detection of  a single limiting membrane, immunopositivity for the 
lysosomal membrane markers LAMP1 and LIMP2 and the presence of  the proteolytic 
activity markers CTSD and DQ-BSA. Both endosomal and (selectively targeted) autophagic 
cargo accumulated in GVBs. We conclude that GVBs are downstream of  tau aggregation in 
neurons and have their origin in the auto- and endolysosomal pathways. 
In Chapter 4, a tool to improve cell culture models of  tau pathology was developed and 
tested. Tau oligomers were stabilized, in order to facilitate the attribution of  experimental 
outcomes to a well-defined tau assembly. Stabilized tau oligomers did not seed tau pathology 
in cultured cells, in contrast to non-stabilized tau oligomers. Therefore, we conclude that 
the stabilization procedure affects the structure of  the tau oligomers in such a way that their 
seeding capacity is hampered.
In Chapter 5, the findings described in this thesis are summarized and their implications are 
discussed in a broader perspective. 
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