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ENGLISH SUMMARY

Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 
(CNS) which, in the Netherlands, occurs in approximately 1 in 1000 people. Literally, MS 
means “multiple scars,” which refers to demyelinated lesions that arise in the brain and 
spinal cord. Myelin is produced by oligodendrocytes and forms the insulating membrane 
that is wrapped around neuronal axons. This insulating layer ensures that signals 
produced by neurons can be conducted efficiently along the nerve. In MS demyelination 
is the result of local inflammation in which T cells, microglia, macrophages, but also 
astrocytes play an important role.

Demyelination is a major contributor of symptoms associated with MS. These symptoms 
include loss of motor coordination, fatigue and cognitive decline. Symptoms often 
present themselves early in adulthood (between the ages of 20 and 40), which makes 
MS one of the major causes of non-traumatic neurological disability in young adults in 
most Western countries. Clinically, MS can present itself in different forms. The most 
common form of MS is relapsing remitting MS (RR-MS), this type of MS is characterized 
by periods of neurological decline followed by periods of recovery. In many cases RR-
MS evolves into secondary progressive MS (SPMS), a form of MS in which patients no 
longer show recovery. Patients with primary progressive disease (PPMS) start with 
uninterrupted progression from disease onset. Histopathologically, different lesions 
can be distinguished depending on the location of the lesion (in the white or grey 
matter) and whether there are signs of ongoing inflammation.

The vast majority of available treatment options are aimed at suppressing inflammation 
or preventing immune cells from entering the brain. Due to the immunomodulatory 
nature of these drugs, there are less treatment options available for the progressive 
phase of MS, which is less characterized by inflammation. Therefore, there is an urgent 
need to develop drugs that are effective for PPMS. In order to develop new treatment 
strategies, it is essential to first develop a better understanding of the disease 
mechanisms that underly MS. In this thesis we focus at the role of astrocytes and aim 
to answer the question if and how they contribute to the pathogenesis of MS.

Astrocytes

Astrocytes are brain cells with a star-shaped appearance and fairly long processes, 
which allows them to interact with and provide support to other celltypes in the CNS. 
Over the past years, numerous studies have shown that astrocytes exert far more, and 
more complex functions than only offering physical support to neurons. For example, 
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astrocytes are able to produce various neurotrophic factors, supply neurons with 
energy and play an important role in neuronal development and neuronal activity. In 
addition, there is intensive signalling between astrocytes, oligodendrocytes, microglia, 
endothelial cells and neurons via various signalling molecules such as cytokines and 
chemokines.

During a neuroinflammatory event, such as in MS lesions, astrocytes are shown to play 
an important and dual role; on the one hand, they produce multiple protective factors, 
but on the other hand they actively contribute to the inflammatory response by, for 
example, the production of pro-inflammatory cytokines. In the studies described in this 
thesis we aimed to further unravel the contribution of astrocytes to MS pathogenesis.

Astrocytes and infiltration of immune cells (chapter 2)

In MS, blood-brain barrier (BBB) dysfunction allows immune cells to migrate from the 
circulation into the CNS. Immune cells that migrate over the brain endothelium and the 
associated basement membrane end up in the perivascular space (PVS) where they 
encounter a second barrier, the glial limitans (GL), formed by astrocytic endfeet. To 
date, it is not yet completely clear which mechanisms are employed by immune cells 
to transmigrate the GL. What is clear is that these mechanisms are different from the 
mechanisms that are used to migrate over the BBB endothelium. A recent study showed 
that during an inflammatory response, astrocytes start to express the tight junction 
proteins claudin-4 (CLDN4), claudin-1 (CLDN1) and JAM-A at the GL. Tight junction 
proteins are used to tightly seal cells together thereby preventing molecules, ions and 
cells from leaking from the blood into the brain. The study suggests that astrocytes 
upregulate tight junction proteins to form a second barrier when the BBB is impaired. 
This would then prevent the migration of T cells from the PVS into the CNS. The model 
proposed by the authors describes that the end feet of astrocytes are connected to 
each other via the tight junction proteins to form a physical impermeable barrier. In 
Chapter 2, we however show that the endfeet of astrocytes are not in direct contact 
with other astrocytic endfeet, instead we show that individual astrocytic processes are 
in direct contact with perivascular T cells. This interaction appears to be mediated via 
the tight junction protein CLDN4, which is expressed on astrocytes during inflammation 
and β2 integrins, expressed on activated T cells. We hypothesise that T cells, which are 
bound to astrocytic processes can no longer migrate from the perivascular space, and 
that this interaction further limits the entry of immune cells into the CNS.

Astrocyte interaction with macrophages and microglia (chapters 3 and 4)

Astrocytes modulate both the phenotype as well as the function of macrophages and 
microglia. Both microglia and macrophages are known to exhibit different functional 
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phenotypes. A simplified version of these phenotypic profiles describes a pro-
inflammatory phenotype, also called the M1 phenotype, and an anti-inflammatory 
phenotype, also called M2. The M1 phenotype is induced by inflammatory mediators 
and cells with a M1 phenotype can produce various pro-inflammatory mediators such 
as cytokines, superoxide, oxygen radicals and nitric oxide. Cells that exhibit the M2 
phenotype, which is induced by anti-inflammatory factors, promote phagocytosis of 
cell debris and are able to promote tissue repair. In reality there are many intermediate 
phenotypes, and in the pathogenesis of MS, macrophages and microglia play a dual 
role; on one hand, they contribute to lesion formation and axonal damage, and on 
the other hand, they facilitate repair mechanisms by clearing myelin debris. MS 
mouse models in which macrophages are eliminated show less axonal damage and 
display less severe clinical signs. The activation status or phenotype of microglia and 
macrophages determines whether these cells play a beneficial or detrimental role. 
As mentioned, astrocytes are able, through the production of secretory factors, to 
influence the phenotype of microglia / macrophages. Understanding the mechanisms 
employed by astrocytes to skew microglia and macrophages could potentially provide 
new targets for therapeutic intervention. In this regard, several studies have reported 
the beneficial effect of the neuropeptide α-melanocyte-stimulating hormone (α-MSH) 
on neuroinflammation. α-MSH reduces the clinical symptoms of prototypic MS animal 
model, experimental allergic encephalomyelitis (EAE). In chapter 3, we show that 
activation of MC4R, one of the receptors of α-MSH, with setmelanotide, a new and 
selective MC4R agonist, reduces the reactive profile of the astrocytes. In addition, we 
show that setmelanotide treated astrocytes increase the production of interleukin 
(IL)-6 and IL-11, two cytokines that are involved in skewing microglia and macrophages 
towards an M2 phenotype. Furthermore, astrocytes are also involved in the regulation 
of specific microglia and macrophages cellular functions, e.g. cell migration and 
phagocytosis. Although macrophages/microglia directly mediate destruction of the 
myelin sheath in active MS lesions, they also remove myelin debris which is necessary 
for repair. Recently it has been established that the enzyme lipoprotein lipase (LPL), an 
enzyme involved in lipid processing, plays an important role in the clearance of myelin 
debris. In the EAE model, it has been demonstrated that this enzyme is expressed on 
microglia and that the activity of this enzyme is significantly increased at the point 
when clinical symptoms begin to decrease. This suggests that phagocytes expressing 
LPL can contribute to remyelination/repair through the removal (myelin) lipid debris. In 
chapter 4 we show that the inhibitor of LPL, angiopoietin-like 4 (ANGPTL4), is expressed 
on astrocytes and that its expression is considerably reduced in active, inflammatory 
MS lesions. We further show that the cellular communication between astrocytes and 
macrophages is responsible for the reduced expression of ANGPTL4 on astrocytes. 
Finally, we show that ANGPTL4-mediated inhibition of LPL activity reduces the uptake 
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of myelin lipids by microglia and macrophages, without affecting phagocytosis. 
These findings demonstrate that reduced expression of astrocytic ANGPTL4 in active 
demyelinating MS lesions enables LPL-immunopositive microglia and macrophages to 
adequately remove myelin debris, which ultimately might lead to remyelination.

Glial scar formation (chapter 5)

In more chronic MS lesions, impaired repair mechanisms such as disturbed neurite 
outgrowth and remyelination, have been mostly attributed to the presence of the 
gliotic scar. This hypocellular scar is made by reactive astrocytes and consists for a 
large part of interwoven astrocytic processes accompanied by an excessive amount 
of astrocyte-produced extracellular matrix (ECM) molecules. Although this gliotic scar 
negatively influences the remyelination process and the outgrowth of neurons, it also 
has been shown that complete removal or prevention of the glial scar actually leads 
to worsening of the inflammatory response and results in increased tissue damage. 
This could be partly due to the physical barrier that is formed by the gliotic scar which 
prevents further spreading of tissue damage. A more in-depth investigation of the 
mechanisms and properties of this gliotic scar could thus be important in understanding 
MS pathology and perhaps improve tissue repair. Key components of the glial scar 
are chondroitin sulfate proteoglycans (CSPGs), and pharmacological inhibition of 
CSPGs after traumatic CNS damage is associated with improved axonal regeneration. 
In chapter 5 we show that astrocytes in MS lesions exhibit increased expression of 
transient receptor potential cation channel subfamily M member 7 (TRPM7) compared 
to astrocytes within the normal appearing white matter. Genetic overexpression of 
TRPM7 in astrocytes resulted in an increase in the production of CSPGs and reduced 
neuronal outgrowth. Together this suggests that TRPM7 plays an important role in the 
formation of the gliotic scar by increasing astrocytic CSPG production.

Conclusions 

Taken together, these studies show that astrocytes play an important and multifaceted 
role in both the inflammatory response as well as neurodegeneration in MS. We show 
that astrocytes are involved in the initial steps of lesion formation (trafficking of immune 
cells into the CNS), contribute to the progression of MS (gliotic scar formation), and also 
appear to be involved in the resolution of lesions (skewing immune cells and facilitating 
remyelination). The inflammatory response plays a crucial role in pathophysiology of MS. 
However, such an inflammatory response is not unique to MS, but can be found in many 
other CNS disorders. The results described in this thesis may therefore also be relevant 
for understanding cellular and molecular mechanisms that underlie other CNS disorders.


