
VU Research Portal

Untangling granulovacuolar degeneration bodies

Wiersma, V.I.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Wiersma, V. I. (2020). Untangling granulovacuolar degeneration bodies. [PhD-Thesis - Research and graduation
internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/341dbf82-b61f-4df5-a310-282308f209a3


149

Chapter 5
Summary and general discussion

 



150

Chapter 5

Summary

In the human brain, GVBs have been found in close connection with deposits of  aggregated 
proteins, especially tau [Chapter 1]. Yet, whether these two neuropathological hallmarks 
are causally related was unknown. Furthermore, the identity of  GVBs and their role in the 
pathogenesis of  neurodegenerative proteinopathies has been unclear. In this thesis, GVBs 
were investigated in the context of  human prion diseases and tauopathies. 
In Chapter 2, we investigated if  GVB formation is a neuropathological hallmark of  human 
prion diseases. Immunohistochemistry was performed on post-mortem brain tissue of  
human prion disease patients, AD patients and non-neurological controls to visualize GVBs 
and PrPSc, tau and Aβ pathology. The number of  neurons with GVBs and the extent of  
comorbid tau and Aβ pathology were assessed. There was no difference in the GVB load 
between human prion disease patients and non-demented controls. Only in one human prion 
disease case with severe concomitant tau pathology, GVBs were prevalent. We conclude that 
GVBs are not a common feature of  human prion pathology.
In Chapter 3, we aimed to establish experimental models of  GVB formation in order to 
shed light on their identity and function. Tau pathology was induced in mouse brain and 
cultured primary mouse neurons by seeding with brain-derived or recombinant tau and the 
presence of  GVBs was studied by immunolabeling. Upon the seeding of  tau pathology, 
GVBs formed both in vivo and in cell culture. Intracellular tau pathology, rather than seed 
exposure, caused GVB formation in a dose-dependent manner in cultured primary neurons, 
but not primary astrocytes and HEK293 cells. Using confocal, super-resolution STED and 
electron microscopy, GVBs were identified as lysosomal structures in which endosomal 
and (selectively targeted) autophagic cargo accumulates despite the presence of  proteolytic 
activity markers. We conclude that GVBs are neuron-selective lysosomal structures induced 
by tau pathology. 
In Chapter 4, the seeding capacity of  newly developed stabilized tau oligomers was 
investigated. Stabilized and non-stabilized tau oligomers were added to the medium of  
cultured HEK293 cells overexpressing GFP-tagged tau and the induction of  tau pathology 
was assessed by re-localization of  the GFP signal and immunolabeling. Non-stabilized tau 
oligomers induced intracellular tau pathology, whereas their stabilized counterparts did not. 
Therefore, we conclude that the stabilization of  tau oligomers interferes with their seeding 
capacity. 
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General discussion

GVB formation: a common response to intracellular protein aggregation?
In Chapter 3, we found that the seeding of  tau pathology causes GVB formation in neurons 
in the mouse brain and in culture. We demonstrated that tau seed exposure alone was 
insufficient to induce GVBs. Therefore, the emergence of  intracellular tau pathology is key 
to GVB formation (Fig. 1b). These findings fit with data from the human tauopathy brain 
and suggest that the co-occurrence of  tau pathology and GVBs in the same brain areas and 
in the same cells [Chapter 1] can be explained by a causal relation between tau pathology and 
GVB formation. On the other hand, in Chapter 2 no association between GVBs and human 
PrPSc pathology was found. This is in agreement with an earlier report on human prion 
disease patients [46]. We did observe abundant GVBs in one prion disease patient in which 
a PRNP mutation led to an unusual GSS clinical phenotype. In this patient, PrPSc deposition 
was accompanied by severe tau, but not Aβ, pathology. Similarly, GVBs have been described 
in a case report of  another familial GSS case with tau pathology [18] and in prion disease 
patients with comorbid AD-related tau pathology [46]. GVBs are thus specifically detected 
in prion disease patients with tau co-pathology, suggesting that in these patients the tau 
pathology induced GVB formation. Taken together, our data indicate that GVB formation 
results from tau, but not PrPSc, pathology.
A key difference between tau and PrPSc pathology is the localization of  the protein aggregates: 
tau accumulates intracellularly, whereas PrPSc aggregates are predominantly found in the 
extracellular space. Like PrPSc, Aβ aggregates extracellularly and also Aβ pathology is not 
associated with GVBs in the human AD brain [1, 45, 46]. Taken together, GVB formation 
seems to require intracellular, rather than extracellular, protein aggregation. 
In several neurodegenerative diseases, intracellular aggregation of  proteins other than tau is 
observed. This raises the question whether GVB formation is a tau-specific response or a 
common reaction to intracellular protein accumulation. In the post-mortem human brain, 
no association between GVBs and intracellular protein aggregates composed of  FUS [30] 
and TDP-43 [19, 30] has been described, although the literature hereon is limited. Studies on 
human brain tissue have shown the presence of  GVBs in brain areas and cells with α-synuclein 
and DRP aggregates in patients with the α-synucleinopathies MSA and Parkinson’s disease 
[13, 14, 26] and C9orf72-related FTD/ALS [37], respectively. Concomitant tau pathology 
in these α-synucleinopathy and C9orf72 patients with GVBs seems an unlikely explanation 
for the GVB formation, although the published data are not entirely conclusive. In MSA 
patients, a phosphorylation-dependent tau antibody recognizing disease-relevant epitopes 
labeled GVBs, but tau aggregates were not reported [26]. In patients with Parkinson’s 
disease, GVBs were detected in the substantia nigra [13, 14]. This brain area is only mildly 
affected by AD-related tau pathology even at the final NFT Braak stage [1], making AD-
related tau co-pathology in all these cases improbable. In C9orf72 patients, the prevalence 
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of  GVBs was also found to be increased when only subjects with the NFT Braak stage 0 
were taken into account [37]. Together, these neuropathological data suggest that GVBs 
may also form in response to the intracellular aggregation of  proteins other than tau. In 
line with this hypothesis, in Chapter 3 we could not connect GVB formation directly to loss 
of  the microtubule-stabilizing function of  tau, as acute microtubule disruption using the 
compound vinblastine in primary neurons did not lead to GVB formation. Taken together, 
these data suggest that GVB formation may be a common response to the intracellular 
aggregation of  multiple proteins. 
GVBs are commonly found in neurons with diffuse, early-stage intracellular protein 
aggregation in brains of  tauopathy [15, 21, 41, 52] and α-synucleinopathy patients [26]. 
Similarly, GVBs predominate in neurons with early filamentous tau pathology in a tau Tg 
mouse model [22]. Yet, GVBs have also been observed in cells that appear to be free of  
protein pathology in the human [15, 26, 30, 41] and mouse brain [22] [Chapter 3] and in 
cultured cells [Chapter 3]. The causal relation between tau pathology and GVB formation 
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Fig. 1 GVBs: a decision point in neuronal fate upon proteostatic stress? a Characterization of  GVBs based on 
the results from the novel models presented in Chapter 3. Both endo- and autolysosomal pathways contribute 
to the content of  GVBs. Membrane and proteolytic activity markers characteristic of  lysosomal structures are 
present. b Schematic representation showing that intraneuronal tau pathology precedes and causes GVB formation. 
Possibly, the intracellular aggregation of  proteins other than tau can also induce GVBs. c Hypothetical model of  
the role of  GVBs in neurodegenerative proteinopathies. GVBs may either be protective and counteract protein 
aggregation (“protective”) or represent failure to cope with protein aggregation and contribute to neurodegeneration 
(“degenerative”). See text for further detail; black lines, tau pathology; yellow circles with dark orange core, GVBs; 
dashed neuron, neurodegeneration. Picture and legend adapted from [50]
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demonstrated in Chapter 3 suggests that in GVB-bearing cells without detectable protein 
pathology, early pathological species of  the aggregating proteins are present, but probably 
below the detection limit. Therefore, small protein aggregates may be sufficient to induce 
GVB formation. 
Early events in the intracellular protein aggregation pathway thus seem to induce GVB 
formation. Yet, GVBs are rarely observed in cells with mature tau aggregates in the human 
AD brain [10, 15, 20, 21, 52]. Also in mouse models [22] [Chapter 3] and cultured primary 
mouse neurons [Chapter 3] GVBs are found only in a subset of  cells with tau pathology. This 
may be because the presence of  GVBs critically depends on the protein aggregation status. 
Possibly, GVBs disappear when protein aggregation transits to the final stage. Alternatively, 
protein aggregation may not progress in cells with GVBs (discussed below). However, in our 
culture model we detected GVB-positive and GVB-negative neurons with a similar staining 
intensity of  the phosphorylation-dependent tau antibody AT100 – which acts at disease-
related epitopes [Chapter 3]. This suggests that the severity of  tau pathology is not the sole 
determinant that dictates the presence of  GVBs. An alternative explanation is that in the 11 
days that the seeded neurons are in culture, tau pathology does not progress to the mature 
tau inclusions found in the human brain. In this pre-tangle stage, some neurons may not yet 
have developed GVBs. Indeed, preliminary data show that the GVB load in cultured neurons 
increases with time after seeding of  tau aggregation (data not shown). Another possibility 
is that a subset of  neurons is more vulnerable to GVB formation upon intracellular protein 
aggregation, due to currently unknown factors. 

GVB formation: the result of  lysosomal stress induced by intraneuronal protein 
aggregation?
In search of  the mechanistic connection between intracellular protein aggregation and GVB 
formation, our data on cell type-specific GVB formation are of  interest. In Chapter 3, we 
show that GVBs form in cultured primary neurons, but not primary astrocytes and HEK293 
cells, with seeded tau pathology. In vivo, we only observed a single GVB in a tau aggregate-
bearing astrocyte in mice injected with PSP brain lysate. Together, these data indicate that 
experimental GVB formation is a neuron-selective, but not neuron-exclusive, process. In 
the human brain, GVBs have predominantly been reported for neurons. Neuropathological 
reports on GVBs in glia cells are scarce and often circumstantial. GVBs have been reported 
in glia with tau pathology in patients with Pick’s disease and FTD caused by MAPT mutations 
[30] and in oligodendrocytes with α-synuclein pathology – the so-called glial cytoplasmic 
inclusions (GCIs) – in MSA patients [26]. Contradictory data have been reported for the 
presence of  GVBs in glia with tau pathology in patients with PSP or a mixed PSP/CBD 
phenotype [30, 39, 46]. GVBs were not detected in glia in patients with the tauopathies aging-
related tau astrogliopathy (ARTAG) [29], PPND and parkinsonism dementia complex of  
Guam [39]. Our cell culture data suggest that the neuronal predominance of  GVBs reported 
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in the human brain is caused by a cell type-specific response to tau pathology and not by 
different susceptibility of  neurons and glia to tau pathology per se. Hence, GVBs are formed 
via a mechanism that is more readily induced by intracellular protein aggregation in neurons 
than in glia. 
The molecular composition of  GVBs provides important clues to the mechanism of  their 
formation. Previous studies in the human brain indicated the presence of  late-stage auto- and 
endolysosomal markers in GVBs [8, 53]. Our thorough characterization of  experimentally-
induced GVBs in Chapter 3 showed that GVBs are lysosomal structures – based on the 
presence of  lysosomal membrane markers (LAMP1 and LIMP2) and proteolytic activity 
markers (CTSD and degraded DQ-BSA), and a single limiting membrane – that contain both 
endosomal and autophagic cargo (Fig. 1a). The predominant somatic localization of  GVBs 
is also in agreement with the subcellular distribution of  degradative lysosomes in neurons, 
which are more abundant in the soma than the neuronal protrusions [7, 54]. In conclusion, 
intracellular protein aggregation changes the lysosomal system in such a way that the GVB-
type lysosomal structures are formed. 
Disruptions in the lysosomal system have been found in close connection to the aggregation 
of  intracellular proteins including tau [34] and α-synuclein [3, 6] in neurons in the human 
brain – although the directionality of  the effect appears to be opposite: LAMP1 levels were 
elevated in tauopathy patients, but reduced in Parkinson’s disease patients compared to 
controls. Furthermore, aggregation of  tau and α-synuclein in cell culture models alters the 
lysosomal system. For example, a decrease in lysosomal proteolysis was observed upon the 
aggregation of  tau [47] and α-synuclein [28] in induced pluripotent stem cell (iPSC)-derived 
human neurons. Interestingly, in contrast to proliferative glia cells, post-mitotic neurons are 
highly dependent on a functional lysosomal system. This is illustrated by the finding that 
neurodegeneration is a prominent feature of  lysosomal storage disorders, which are caused 
by mutations in genes encoding lysosomal enzymes and other lysosomal proteins that are 
ubiquitously expressed [31, 36]. Neurons are therefore vulnerable to lysosomal dysfunction, 
making it likely that the lysosomal system of  neurons responds differently to the disruptions 
imposed by protein aggregation compared to that of  mitotic cells. This is in line with the 
neuron-selective formation of  experimental GVBs described in Chapter 3 and the neuronal 
predominance of  GVBs in post-mortem reports. Hence, disturbance of  the lysosomal 
system may constitute a link between intracellular protein aggregation and GVB formation. 
Protein aggregates and cellular components damaged by those aggregates will be targeted 
for degradation, demanding an increase in the degradative capacity of  the lysosomal system. 
Persistent protein aggregation may overload the lysosomal system. At the same time, protein 
aggregates may disrupt the integrity of  the lysosomal membrane, resulting in leakage of  
lysosomal enzymes to the cytosol. Indeed, in tauopathy patients the lysosomal hydrolase 
CTSD shows a diffuse cytoplasmic localization, whereas in controls CTSD is observed in 
punctate structures corresponding to lysosomes [34]. Lysosomal membrane permeabilization 
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likely causes a drop in proteolytic capacity. This may interfere with the process of  lysosomal 
reformation, as efficient degradation of  autophagic and endocytic cargo is required for 
regeneration of  the lysosomal pool [55]. The combination of  a chronic high proteolytic 
demand, failing degradation and hampered lysosomal reformation may lead to a situation of  
stress in the lysosomal system that may result in the appearance of  the GVB-type lysosomal 
structures. Another possibility is that protein aggregates induce stress in the lysosomal 
system via the disruption of  vesicular transport. Indeed, reduced transport of  lysosomes 
along axons was found in cultured mouse neurons with tau aggregates [11]. Via a different 
mechanism, α-synuclein aggregates disrupt vesicular trafficking in the early secretory pathway, 
leading to disrupted hydrolase trafficking and lysosomal dysfunction in human iPSCs [28]. 
Lysosomal stress can activate the transcription factor EB (TFEB) response, which promotes 
cellular clearance by enhancing lysosomal biogenesis and autolysosomal flux [4]. TFEB 
overexpression reduces the tau pathology load in tau Tg mice [35, 49]. Possibly, the TFEB 
response is involved in GVB formation, but there is currently no experimental evidence 
to support this model. In conclusion, lysosomal stress may be the connection between 
intracellular protein aggregation and GVB formation, but the exact molecular mechanism 
of  protein aggregation-induced GVB formation remains to be discovered. 

GVB formation: a protective or degenerative response?
An outstanding question is whether GVB formation is a protective or degenerative response 
to intracellular protein aggregation (Fig. 1c). Below, data supporting both possibilities will 
be outlined. 
GVBs predominate in neurons with early-stages of  protein aggregation in the human brain, 
as shown for tau [15, 21, 41, 52] and α-synuclein [26]. The emergence of  GVBs early in 
the process of  intracellular protein aggregation could indicate a protective response, aimed 
to make neurons more resilient to the proteostatic stress. We show in Chapter 3 that tau-
induced GVBs contain the lysosomal hydrolase CTSD and fluorescent DQ-BSA signal, 
indicative of  proteolytic activity. This active contribution of  GVBs to the degradation 
of  cellular waste may suggest that GVBs are protective structures, formed to restore 
proteostasis by increasing the neuron’s degradative capacity. GVB-like structures are also 
found in the brains of  hibernating hamsters in parallel with the reversible phosphorylation 
of  tau at disease-related epitopes [12]. These GVB-like structures are positive for the GVB 
and UPR activation markers pPERK and pIRE1α, but the presence of  other GVB markers 
and the characteristic GVB vacuole has not been studied, therefore it is not known whether 
these structures are GVBs. Interestingly, these GVB-like structures are commonly observed 
in cells that also contain tau phosphorylated at disease-related epitopes in the torpor phase, 
but they disappear after arousal. These data could indicate that GVB formation is a reversible 
process that protects neurons from harm upon pathology-related changes in tau. In line with 
this, in a cohort of  cognitively healthy individuals over 100 years of  age, GVBs were highly 
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abundant [9]. Interestingly, the GVB abundance was higher than expected based on the 
extent of  tau pathology. This suggests that in healthy centenarians, GVBs prevent further 
tau pathology and thereby protect from clinical symptoms. 
On the other hand, GVBs contain various markers of  cellular stress. The active forms of  the 
UPR proteins PERK, eIF2α and IRE1α are found in GVBs in the human [15] [Chapter 2 and 
3] and mouse brain [22] [Chapter 3] and in primary neurons [Chapter 3], suggesting that the 
UPR is activated in GVB-bearing cells. Indeed, UPR activation has been shown by increased 
expression of  the UPR-induced ER chaperones binding immunoglobulin protein (BiP)/
GRP78 [16] and protein disulfide isomerase (PDI) [24] and increased mRNA splicing of  
the UPR-induced transcription factor X-box binding protein-1 (XBP-1) [24] in brain areas 
with a high GVB load, such as the AD hippocampus. Furthermore, the expression of  the 
UPR-induced ER-resident E3 ligase HMG-CoA reductase degradation protein 1 (hHrd1) is 
increased in a subfield of  the AD hippocampus compared to controls and can also be detected 
in GVBs [17]. Persistent UPR activation turns the UPR into a maladaptive response that is 
linked to neurodegeneration [38]. In line with this, levels of  the UPR-induced transcription 
factor C/EBP homologous protein (CHOP) – a key mediator of  the pro-apoptotic UPR 
signaling pathways – are increased in the AD hippocampus [24]. Moreover, GVBs in the 
human brain contain activated caspase-3 [40, 42], the central player in apoptotic signaling 
cascades [40, 42], suggesting that cell death pathways are activated in GVB-bearing cells. 
In agreement with this, post-mortem studies have shown that neurons with GVBs display 
nuclear and nucleolar damage [27, 42], indicative of  apoptotic processes, although these 
findings have been contradicted by others [40, 44]. Also in our experimental GVB models 
no obvious changes in the nuclear morphology of  cells with GVBs were observed [Chapter 
3]. The presence of  GVBs in neurons with early stages of  protein aggregation in the human 
brain [15, 21, 22, 26, 52] may indicate failure of  the lysosomal system to handle the persistent 
proteostatic stress. In line with this, the presence of  the dense proteinaceous core in GVBs, 
despite their proteolytic activity, could reflect failure to keep up with the degradative demand 
of  the cell under proteostatic stress. Hence, the presence of  GVBs may be indicative of  
a transition to irreversible protein aggregation and neurodegeneration. Alternatively – in 
analogy to what has been described for UPR activation [38] –, GVB formation may initially 
be a protective response to proteostatic stress, which turns maladaptive upon the persistence 
of  this stressor. 
The first cell culture model of  GVB formation that we established in Chapter 3 offers the 
opportunity to dissect the functional implications of  GVB formation. Independent of  
the outcome of  these experiments, the appearance of  GVBs may reflect the ultimate fate 
of  neurons under proteostatic stress. The presence of  GVBs could signify the action of  
a protective response aimed to prevent further proteostatic stress and neurodegeneration. 
Alternatively, the presence of  GVBs may indicate that the neuron is beyond rescue and will 
irreversibly transit to end-stage protein aggregation and neurodegeneration (Fig. 1c). 
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Future directions
Although our studies provide versatile experimental methods to induce tau pathology and 
GVB formation, there is room for methodological improvement and expansion of  the 
protocols. In the tau seeding models in mice and cultured cells described in Chapter 3, cells 
were exposed to a heterogeneous mixture of  tau assemblies. Stabilization of  tau seeds in a 
specific aggregation state would make it possible to link biological outcomes to a well-defined 
tau assembly. As in Chapter 4 stabilized tau oligomers did not seed intracellular tau pathology 
in cultured cells, it is interesting to investigate whether alterations to the stabilization protocol 
allow seeding activity of  the produced species. So far, GVBs have only been studied in static 
situations, namely in the human brain and at fixed time points in the mouse and culture 
models described in Chapter 3. The GVB model we established in primary neurons gives 
the unique opportunity to study the temporal dynamics of  GVB formation by performing 
live-cell experiments. Parameters of  interest are their movement within the cell and their 
lifespan. These experiments will elucidate whether GVBs are dynamic or static structures. 
Furthermore, live-cell imaging allows studying mechanisms of  interest – such as lysosomal 
dysfunction, the TFEB response, UPR activation and cell viability (discussed below) – in 
real-time at different stages of  tau aggregation and GVB formation. In conclusion, temporal 
resolution and further insight into the mechanism of  GVB formation can be obtained by 
implementing live-cell experiments in our GVB model in primary neurons. 
The work presented in this thesis paves the way for further investigations into GVB biology. 
In this chapter, we argue that GVB formation may be a generic response to intraneuronal 
protein aggregation and that small protein aggregates may be sufficient to induce GVBs. 
These hypotheses can be explored both in the human brain and in experimental models. In 
the human brain, it can be investigated more thoroughly whether GVBs can form – in the 
absence of  comorbid tau pathology – in α-synucleinopathies and other neurodegenerative 
disorders characterized by the intracellular aggregation of  proteins such as DPR proteins, 
FUS and TDP-43. These neuropathological studies should focus on brain areas with disease-
specific pathology. GVB formation can also be studied upon the aggregation of  proteins 
other than tau in experimental models. For example, seeding assays similar to those used 
for tau in Chapter 3 are available for α-synuclein in mice [25] and cultured primary mouse 
neurons [48]. Also, testing the presence of  GVBs in assays in which non-disease-related, 
artificial β-sheet proteins aggregate intracellularly [51] may provide insight into the specificity 
of  the GVB response. The much larger body of  literature on GVBs in neurons relative to 
that on GVBs in glia in the human brain suggests a neuron-selective occurrence of  human 
GVBs, but this has not been tested experimentally. The presence of  GVBs in glial cells can 
be addressed in a quantitative manner in neurodegenerative proteinopathies characterized 
by glial protein aggregation. In this way, the relative presence of  GVBs in neurons versus 
glia containing protein aggregates can be compared in the human brain. Furthermore, a 
more in-depth study of  the protein assembly responsible for GVB formation is of  interest. 
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It can be addressed whether small protein assemblies – reflecting early pathological species 
of  the aggregating proteins – are present in GVB-bearing cells without detectable protein 
aggregates. To this end, methods to specifically detect such species can be employed. For 
example, oligomer-specific antibodies, which are available for tau oligomers [23, 32], can be 
used in the human and mouse brain and cultured primary neurons. 
In search of  the mechanism underlying GVB formation, specific processes of  interest come 
forward from this thesis, namely lysosomal dysfunction, the TFEB response, UPR activation 
and CK1δ-mediated selective autophagy. We found that GVBs are lysosomal structures 
that arise at the convergence of  the auto- and endolysosomal pathways. It can be tested 
whether interventions at the final stages of  the auto- and endolysosomal pathways induce 
GVB formation in the absence of  protein aggregation, for example in cultured primary 
neurons. Alternatively, combining interventions in these pathways with protein aggregation 
and testing whether these treatments diminish or aggravate GVB formation may provide 
new insight into the mechanism of  GVB formation. Moreover, it can be addressed whether 
GVB-bearing neurons show alterations in the auto- and endolysosomal pathways other than 
the presence of  GVBs. This can for example be studied by quantification of  size, number and 
subcellular localization of  different intermediates of  these pathways and assessment of  their 
functional properties such as the flux and reformation efficacy. Identifying where and which 
changes occur in these pathways during GVB formation will allow pinpointing the alteration 
responsible for GVB formation. An interesting candidate for follow-up experiments into 
the mechanism of  GVB formation is TFEB. The possible connection between the TFEB 
response and GVB formation can be studied in the human brain and experimental models, 
for instance by assessing the localization of  TFEB in GVB-bearing neurons – with nuclear 
translocation of  TFEB indicating activation of  the response. Together, these experiments 
will shed light on the molecular mechanisms at play in the process of  GVB formation. 
In addition to the auto- and endolysosomal pathways, studying the UPR is of  interest for 
future studies into GVB biology. Phosphorylated and thereby activated forms of  the UPR 
proteins PERK, eIF2α and IRE1α localize to GVBs [15, 22] [Chapter 2 and 3]. To date it 
is unclear whether the presence of  phosphorylated UPR proteins reflects active signaling 
or the detection of  fragments containing the phospho-epitope. Neuropathological data on 
the connection between GVBs and UPR activation are limited to a correlation between the 
presence of  GVBs in brain areas in which downstream UPR activation targets are detected in 
the pool of  cells. Therefore, single cell analysis of  UPR activation in GVB-bearing cells can 
be performed in the human brain and experimental models to address the UPR activation 
status in neurons with GVBs. In these experiments, UPR activation read-outs other than the 
phosphorylation of  PERK, eIF2α and IRE1α should be used. The GVB model in primary 
neurons that we present in Chapter 3 offers the unique opportunity to study GVB formation 
and UPR activation on the single cell level during the protein aggregation process. This is 
of  interest as for example the localization of  UPR activation markers in GVBs may reflect 
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the termination of  previously present active UPR signaling. It is important to determine 
whether GVB formation and UPR activation are functionally connected and if  so, whether 
UPR activation is a cause or consequence of  GVB formation. In Chapter 3, we describe the 
selective targeting of  CK1δ to GVBs. Given the role of  the CK1δ yeast homolog Hrr25 
in selective autophagy [33, 43, 56], we hypothesized that CK1δ is functionally implicated 
in the process of  GVB formation [Chapter 3]. Therefore, it can be analyzed whether 
the overexpression or knock-down of  CK1δ in cultured neurons undergoing protein 
aggregation influences GVB formation, for example using the number and size of  GVBs 
or speed of  GVB development as read-out. In addition to studying specific mechanisms 
of  interest, comparison of  neurons with and without GVBs by hypothesis-free proteomics 
and transcriptomics approaches is recommended. Such discovery strategies can be employed 
both in the human brain and in experimental models and will yield new insights into the 
processes involved in GVB formation.
The functional consequences of  GVB formation should also be addressed in future studies, 
aiming to elucidate whether GVB formation is a neuroprotective or neurodegenerative 
response. In hibernating hamsters, punctae positive for the UPR activation and GVB markers 
pPERK and pIRE1α were observed in parallel with tau hyperphosphorylation [12]. It is of  
interest to assess whether these structures are proper GVBs by testing their immunoreactivity 
for common GVB markers – such as CK1δ and CK1ε – and the presence of  the characteristic 
GVB vacuole and membrane. These experiments will address whether GVB formation is a 
physiological and reversible process, which would suggest a neuroprotective nature of  GVBs. 
In addition, the effect of  GVB formation on neuronal viability can be studied in our GVB 
model in primary neurons established in Chapter 3. In this GVB model, the culture time 
of  neurons can be prolonged to determine whether neurons with GVBs show enhanced 
survival compared to cells without. Furthermore, the resilience of  neurons with and without 
GVBs to additional stressors can be studied. Our cell culture model of  GVB formation 
therefore opens new avenues to study the functional implications of  GVB formation.
Our studies demonstrate that protein aggregation induces changes in the lysosomal system, 
leading to the GVB-type lysosomal structure. Therefore, boosting the lysosomal system 
presents an interesting therapeutic target for tauopathies and other neurodegenerative 
proteinopathies with GVBs. Recently, beneficial effects, including the clearance of  aggregated 
proteins, have been reported for different treatments enhancing lysosomal function in animal 
models of  tauopathies and α-synucleinopathies. These treatments include activation of  
lysosomal enzymes [2], increasing the vesicular trafficking machinery to stimulate hydrolase 
transport to lysosomes [5] and TFEB overexpression [35, 49]. Identifying the primary cause 
of  lysosomal stress in the different neurodegenerative proteinopathies will enable more 
effective targeting. Therefore, understanding the etiology and functional implications of  
GVBs can give direction to the field of  lysosomal therapy development for neurodegenerative 
proteinopathies. Furthermore, as GVBs are readily accessible by extracellular compounds 
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via the endolysosomal pathway, they may potentially present drugable targets. The work 
presented in this thesis urges in-depth investigation of  GVB biology, which will contribute 
to the understanding of  the pathogenesis and possibly to the treatment of  tauopathies and 
other neurodegenerative proteinopathies.
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