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SUMMARY AND DISCUSSION
Huntington’s disease (HD) is a dominant inherited neurodegenerative disorder caused by 
a CAG expansion in the Huntingtin (HTT) gene, which leads to a polyglutamine (polyQ) 
expansion in the mutant Huntingtin protein (mHTT) and aggregation of this protein in nuclear 
and cytoplasmic inclusions. Although mHTT is expressed in all cell types throughout the body, 
neurons seem to be mostly affected and neuronal cell death occurs, especially in the cortex 
and the striatum (Vonsattel et al., 1985). To date, it is not known why these neurons are most 
sensitive. In contrast, surrounding glial cells seem less affected. Glial cells play an important 
role in brain functioning in health and disease. Astrocytes and microglia are responsible for 
facilitating synaptic communication, ion and water homeostasis and phagocytosis, whereas 
oligodendrocytes produce myelin (Chung et al., 2013; Kettenmann et al., 2013; Pekny et al., 
2016; Hughes and Appel, 2016). All these types of glial cells express mHTT, but these cells do 
not seem to degenerate, which is in sharp contrast with the massive neuronal cell death that 
takes place in the brain of HD patients. Already before the first symptoms appear, increased 
GFAP expression (which marks astrocyte activation) and microglial activation occurs in mHTT 
gene carriers (Sapp et al., 2001; Faideau et al., 2010). Expression of mHTT leads to dysfunction 
of glial cells, such as a disturbed Kir4.1 channels (Tong et al., 2014), decreased secretion of 
neurotrophic factors (Chou et al., 2008; Wang et al., 2012) and glutamate uptake (Shin et al., 
2005; Hassel et al., 2008) in astrocytes and decreased microglial migration (Kwan et al., 2012) 
and increased cytokine secretion (Chang et al., 2015; Silvestroni et al., 2009) by microglia.

mHTT degradation can in principle counteract the toxic effects of mHTT. Intracellular 
protein degradation occurs via two routes: the macroautophagy pathway (autophagy) and 
the ubiquitin-proteasome system (UPS). Autophagy is a process where long-lived proteins, cell 
organelles and aggregates are degraded by encapsulating in intracellular vesicles that eventually 
fuse with lysosomes. The UPS targets individual (misfolded) proteins and consists of two 
components: the ubiquitination system and the proteasome. The former targets proteins for 
degradation by labelling with ubiquitin (Ub) and the latter is the protein complex that exerts 
proteolytic degradation. Both autophagy and UPS are involved in mHTT degradation (Li et al., 
2010; Juenemann et al., 2013; Thompson et al., 2009). In this thesis, we describe research focused 
on the protein degradation systems in neurons and glial cells in order to find an explanation for 
the apparent selective vulnerability of neurons. 

Chapter 1 describes several neurodegenerative diseases and the involvement of 
the UPS. Furthermore, this review introduces the different types of glia that are studied 
in this thesis and their role in neurodegenerative diseases. Astrocytes are indispensable in 
neurodevelopment and energy supply to neurons, and modulate synaptic communication by 
taking up neurotransmitters from the synaptic cleft and by close interaction with synapses. 
Microglia protect the brain by phagocytosis of inactive synapses, dead neurons, and pathogens. 
Oligodendrocytes are responsible for myelin production, the lipid layers isolating axons, 
which enables fast signal transmission along neurons. Glial cells play an important role in 
neurodegenerative diseases. Glial cells become activated and change their phenotype and 
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contribute to proinflammatory responses. These changes in glia can also affect the UPS, as has 
been shown in several neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s 
disease and HD. In HD, immunoproteasome subunits are mainly upregulated in neurons whereas 
UPS activity seems to be higher in glia compared to neurons. However, the question remains 
whether changes in proteasome composition are promoting or reducing the development of  
neurodegenerative diseases.

In chapter 2, we challenge the current dogma that components of the UPS are irreversibly 
sequestered into mHTT inclusion bodies (IBs), leading to impairment of the UPS. We show in 
neurons, using fluorescence pulse-chase experiments, that proteasomes are reversibly recruited 
to mHTT IBs and that this is a dynamic process. Proteasomes are mainly present in the core 
of smaller IBs and in the periphery of larger IBs. We also demonstrate that proteasomes in IBs 
remain catalytically active and accessible for substrates both in cell lysates and in HD mouse 
brain slices. These data indicate that the proteasome in brains of HD mice is still functional, 
although its proteolytic capacity may be too small for proper degradation of the increased 
number of substrates due to the expression of mutant proteins such as mHTT, leading to 
a disbalance of the system and protein accumulation. 

In chapter 3, we describe our study of the dynamics of Ub during mHTT aggregate 
formation in neuronal cells. Ub has been reported as well to be irreversibly sequestered into 
mHTT IBs, as has been described for the proteasome. However, these studies were performed 
using GFP-Ub fusion proteins with a relatively large fluorescent tag that may have affected Ub 
dynamics. Therefore, we used a novel tool consisting of a fluorophore (TAMRA) coupled to 
Ub: TAMRA-Ub. In contrast to GFP-Ub, the TAMRA-Ub is nicely incorporated into poly-Ub 
linkages including poly-ubiquitinated mHTT. We demonstrate that ubiquitination of mHTT 
IBs is a dynamic process and that Ub is present in the core of mHTT IBs in cell cultures and 
in HD mouse models. Using E1/2/3- and deubiquitinating enzyme (DUB)-specific activity 
probes, we  show that active (de)ubiquitinating enzymes, which are responsible for the dynamic 
ubiquitination process, are present in mHTT IBs. This implies that, despite the presence of 
Ub and its regulating enzymes, the targeting of mHTT aggregates towards autophagy or 
the proteasome for degradation is not effective.

There may be a difference in proteolytic effectivity between neurons and glial cells, which 
would in turn lead to a divergence in frequency of mHTT aggregates in these cell types. In 
chapter 4, we describe our study of mHTT pathology in cortex and striatum of HD mouse 
models and HD patient material, focusing on the frequency of nuclear mHTT inclusions in 
neurons and the various types of glia. Nuclear inclusions are present in neurons, astrocytes, 
oligodendrocytes and microglia in both HD mice and human patients. In three HD mouse 
models, we show that neurons contain approx. 5-fold more nuclear inclusions compared to 
GFAP-positive astrocytes and oligodendrocytes, and even 50-fold more than microglia. In 
addition, neuronal nuclear inclusions are much larger in diameter in comparison with nuclear 
inclusions in glia. Remarkably, S100B-positive glia contain considerably more nuclear inclusions 
than GFAP-positive astrocytes, which may be caused by GFAP-related astrocyte activation. 

The lower frequency of nuclear inclusions in glial cells is not caused by glial cell death, as this 
is not observed in the mouse models studied here, and not by a difference in HTT protein 
expression, as HTT protein levels are similar in neurons and all glial cell subtypes. Possibly, glial 
cells are able to degrade mHTT more effectively.

On the basis of the findings described in chapter 4, the study described in chapter 5 is 
based on the hypothesis that protein degradation pathways are more efficient in glial cells as 
compared to neurons. Cell lines derived from striatal neurons, astrocytes and microglia were 
used as a model. We examine the UPS and autophagy pathways in glial and neuronal cell lines 
and show that microglia-like cells have higher expression of immunoproteasome subunits 
LMP2 and LMP7. In addition, microglia-like cells have a lower expression of the proteasomal 
ubiquitin receptors RPN10 and RPN13 and proteasome-associated DUB RPN11, and a higher 
autophagy flux, indicating a faster turnover of (misfolded) proteins by autophagy. Small changes 
in proteasome composition or activation can alter proteolytic efficiency considerably, as has 
been shown in studies of upregulated UPS components (Safren et al., 2014; Bhat et al., 2014; 
Jeon et al., 2016), and the same holds true for the macroautophagy pathway (Cortes and La 
Spada, 2014; Perucho et al., 2016; Walter et al., 2016). Indeed, HTT half-life differs dramatically 
between these cell lines; striatal neuronal cells degrade mHTT significantly slower than 
the astrocyte-like and microglia-like cell lines. Remarkably, mHTT half-life correlates with 
the frequency of nuclear mHTT inclusions as described in chapter 4. Expression of mHTT in 
cell lines does not affect the levels and activity of proteasome subunits nor the autophagy flux. 
The HTT mRNA stability is higher in neuronal cells, which contributes to the longer half-life of 
mHTT protein in neuronal cells. Although these cell lines are used only as a model for neurons, 
astrocytes and microglia, isolated primary astrocytes and microglia of R6/2 mice do not show 
any major changes in mRNA levels of protein degradation pathway components. Finally, on 
the basis of observed differences in frequency of nuclear mHTT inclusions between S100B and 
GFAP-positive glia (chapter 4), we have mimicked GFAP expression variations in astrocytoma 
cells. Knockdown of GFAP does not have an effect on proteolytic pathways and mHTT half-life 
in these cells.

An alternative way for glial cells to collect aggregates is by the uptake of aggregates from 
the environment. Chapter 6 describes prion-like mHTT spreading in HD models. Prion-like 
spreading has been found in diseases such as Creutzfeldt-Jacob disease and Parkinson’s disease, 
but this process has also been demonstrated in various HD models. Possible mechanisms 
underlying this prion-like spreading of HTT are phagocytosis by glia, tunneling nanotubes, 
exosomes or synaptic terminals. Prion-like spreading of mHTT has been shown in various in vivo 
and in vitro models of HD, yet, its relevance for disease pathology remain disputed. Most studies, 
including ours, show that spreading occurs in only 1-4% of the cells. Besides, in vivo spreading 
via synapses in brain slices occurs during a single day in a 14-day-time period, indicating a brief 
window of time for actual transfer. This is most likely due to intracellular localization of mHTT 
aggregates or their size. In HD patient brains, 10 years post-transplantation with fetal neuronal 
grafts, aggregates are solely formed outside cells (Cicchetti et al., 2014), suggesting that prion-
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like transfer may locally occur via synapses or glial phagocytosis, but that it is not likely to be 
a major contribution to HD pathology in human patients.

CONCLUSION AND FUTURE PERSPECTIVES
Neurons are mostly affected in HD, whereas glial cells are comparatively more efficient in clearing 
mHTT and contain less nuclear mHTT inclusions. The study of cells that are handling mHTT 
in a more efficient way may teach us how to design therapeutic strategies to target mHTT. Glial 
cells are also interesting to investigate since they are present in the same microenvironment in 
the brain as the affected neurons. The role of protein degradation systems in HD has been studied 
for a long time, but cell-specific variations between different cell types have hardly been studied. 
This thesis contributes to a deeper understanding of the dissimilarities in mHTT aggregation 
between different cell types in the brain. The UPS is not impaired and reversibly sequestrated 
into aggregates, but small alterations in UPS activity due to changed proteasome complex 
formation or differences in mHTT ubiquitination may affect efficient mHTT degradation in 
time. These small variations in expression of UPS or autophagy components may explain cell-
specific mHTT sensitivity, and may be a basis of design of therapeutic strategies to improve 
mHTT degradation in neuronal cells.
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