
VU Research Portal

The multifaceted role(s) of astrocytes in the pathology of multiple sclerosis

Kamermans, A.

2020

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

Link to publication in VU Research Portal

citation for published version (APA)
Kamermans, A. (2020). The multifaceted role(s) of astrocytes in the pathology of multiple sclerosis. [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/06e0140f-74cc-4367-912d-1b23e421a5d0


2
CHAPTER

1
CHAPTER



GENERAL INTRODUCTION

 1 Multiple sclerosis 

    1.1    Clinical symptoms, progression and diagnosis

    1.2    Pathology

    1.3    Treatment options

 2 Astrocytes

    2.1    History and function

    2.2    Astrocytes under physiological conditions

    2.3    Astrocytes under pathological conditions

       2.3.1       Astrocytes in MS

 3 Thesis aim and outline 

 4 References

 



Chapter 1 

10

1. MULTIPLE SCLEROSIS

1.1 Clinical symptoms, progression and diagnosis

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS) 
characterized by inflammation, demyelination, and neurodegeneration. MS has an 
estimated prevalence of  2.3 million people worldwide [1]. MS literally means “multiple 
scars”, which refers to the demyelinated lesions that accumulate in the CNS. Different 
clinical symptoms can be presented depending on the area in which these lesions 
arise, however common symptoms include loss of coordination, weakness, fatigue and 
cognitive deficits [2]. As these symptoms appear already early in adulthood (around 20-
40 years of age), MS is the leading cause of non-traumatic neurological disability among 
young adults in most western countries [1,3].

Generally, MS can be divided into 3 distinct clinical subtypes; relapse-remitting MS 
(RRMS), secondary progressive MS (SPMS) and primary progressive MS (PPMS) [4]. The 
majority of MS cases starts with a RRMS form of the disease [5], which is characterized 
by periods of neurological deficits, followed by a period of stability, and is then followed 
by a period of recovery. Typical deficits during a relapse include blurring of vision 
and numbness of body parts. After around 10-15 years, most of these patients will 
develop SPMS. In this progressive phase of MS, relapses become less frequent, but the 
neurological deficits become progressive and permanent (Figure 1). In about 10-20% 
of all MS cases, a RRMS phase is absent and these patients suffer from a continuous 
progressive course from the onset of the disease, known as PPMS. 

The diagnosis of MS is based on a number of clinical parameters, such as the clinical 
history of the patient and neurological examination. Furthermore, diagnostic 
parameters such as magnetic resonance imaging (MRI) and to a lesser extent 
cerebrospinal fluid (CSF) oligoclonal banding are often used for diagnosis of MS [6]. 
Next to a diagnostic tool, gadolinium enhanced MRI scans can also be used to monitor 
disease activity. Gadolinium, a contrast agent which is injected in the blood, normally 
will not cross the bran vasculature due to the presence of the blood-brain barrier (BBB). 
However, during active inflammation, the BBB is disrupted, allowing gadolinium to 
enter the brain, creating an enhanced signal visible by MRI. The diagnosis of clinically 
definite MS requires clinical evidence of two or more white matter lesions on at least 
two occasions [7]. If a patient does not meet these criteria, a patient can be diagnosed 
with clinically isolated syndrome (CIS), a condition that is caused by inflammation and 
demyelination and displays the same symptoms as MS, but unlike MS, CIS is an isolated 
event that does not necessarily develops into MS [8].
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Interestingly, not all inflammatory insults, as determined by enhanced MRI activity, 
results in clinical worsening. To evaluate clinical severity and the functional deficits 
in MS the Expanded Disability Status Scale (EDSS) was developed. This scale consists 
of rating system ranging from 0 (normal neurological status) to 10 (death due to MS) 
based on an examination by a neurologist. The lower scale values of the EDSS measure 
impairments based on the neurological examination, the upper range of the scale (>6) 
measures physical handicaps. The EDSS can thus not only be used to evaluate disease 
progression and treatment efficacy in individual patients but also to assesses the 
effectiveness of therapeutic interventions in clinical trials.

1.2 Pathology

MS pathology is characterized by neuro-inflammation, demyelination and 
neurodegeneration (Figure 2). During this process, microglia and monocyte-derived 
macrophages cause damage to the myelin sheath, leading to demyelination [9–11]. The 
myelin sheath, formed by the oligodendrocytes, is the insulating lipid layer that enwraps 
axons, increasing the efficacy and speed of action potentials conducted along the axon 
and under healthy conditions, myelin protects neuronal axon integrity. Damage to or 
a loss of the myelin sheath impairs the conduction of action potentials, resulting in 
impaired cell-to-cell communication, eventually causing clinical symptoms. 

Myelin is what gives white matter (the tissue in the brain composed of nerve fibers) 
its white appearance. Because in MS the myelin is affected, it has long been regarded 
as a white matter disease. However, recent histopathological studies have shown that 
grey matter (the tissue in the brain consisting of neuronal cell bodies, which contains 
relatively few myelinated axons) regions are also heavily affected [12]. 

FIGURE 1. Typical clinical course of multiple sclerosis. MRI activity (arrows) indicates an 
inflammatory process. Episodes of enhanced MRI activity occur more frequent than clinical 
relapses (spikes in clinical disability (red line)). Most lesions develop during the RR phase of the 
disease but not all lesions lead to clinical symptoms. 
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FIGURE 2. Graphical representation of MS pathogenesis. Major steps include damage to and 
inflammation of the blood-brain barrier, influx of immune cells that subsequently cause damage 
to the myelin sheath and ultimately neurodegeneration.
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The underlying molecular and cellular mechanisms of MS onset are complex and 
heavily debated. The majority of people in the field believe that MS is an immune-
mediated disease in which myelin or the myelin-producing cells, the oligodendrocytes, 
are targeted by cytotoxic T cells, microglia and macrophages [13]. The resulting 
myelin damage then causes damage to the axon. This hypothesis is known as the 
outside-in model. The inside-out on the other hand, states that MS starts with axonal 
injury, subsequently triggering demyelination [14–16]. Regardless of which model is 
correct, both result in demyelination and myelin debris which promotes a secondary 
autoimmune and inflammatory response.

Histopathologically, different lesions can be distinguished depending on whether 
the lesion resides in the white or grey matter, and whether there are signs of active 
inflammation (Figure 3) [17,18]. White matter (WM) lesions are generally more 
inflammatory compared to grey matter lesions and therefore are characterized by 
their inflammatory status. Active WM lesions are characterized by breakdown of the 
BBB [19], resulting in the infiltration of (myelin) antigen-specific T lymphocytes. In 
response, T cells enter the CNS parenchyma where they secrete an array of cytokines 
and chemokines. Analyses have shown increased levels of pro-inflammatory mediators 
such as interleukins (IL); interferon gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α) 
and transforming growth factor (TGF-β) in MS lesions [20–24]. These inflammatory 
mediators further amplify inflammation by attracting monocytes and activating 
microglia and astrocytes. Furthermore, B cells and plasma cells can be found in these 
active lesions. During this inflammatory response, the myelin is broken down by 
predominantly monocyte-derived macrophages resulting in demyelination [18,25]. 
Despite demyelination, these active lesions may sometimes recover. Once inflammation 
resides, oligodendrocyte progenitor cells (OPCs) may be recruited, which contribute to 
remyelination [26]. However, active lesions can also progress into chronic active WM 
lesions. In chronic active WM lesions, there is a demyelinated core with little evidence 
of ongoing inflammation. Despite the less inflammatory nature of chronic active WM 
lesions, there is still an increased level of cytokines, including TGF-β and IL-1β [23,27]. 
The centre of chronic active WM lesions is characterised by a glial scar. This glial scar, 
also called astrogliosis, mainly consists of tightly interwoven astrocytic processes, 
accompanied by excessive accumulation of extracellular matrix (ECM) components. 
On the border between a chronic active WM lesion and surrounding tissue, active 
immune cells can still be found. Once these immune cells also disappear, a hypocellular, 
inactive MS lesion is formed in which no remyelination can occur due to the extensive 
astrogliosis [28]. 

The pathological features of grey matter (GM) lesions substantially differ from those 
seen in white matter. As mentioned, GM lesions are considered to be less inflammatory 
compared to WM lesions and breakdown of the BBB is less apparent [29]. As a result, 
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leukocyte infiltration [30] and astrogliosis are less pronounced compared to WM lesions 
[31]. The main inflammatory activity in GM lesions is activation of microglia by the 
diffusion of pro-inflammatory and cytotoxic factors derived from the inflamed meninges 
[32,33]. Because of the less inflammatory nature of GM lesions, characterisation of GM 
lesions is solely based on their location [30,34]. Type I GM lesions, also known as mixed 
GM-WM lesions include both white and grey matter. Type II GM lesions are located 
intracortical and are not in contact with white matter or with the surface of the brain. 
Type III GM lesions extend from the surface of the brain inwards, and type IV lesions 
extend through the whole width of the cortex without reaching into the white matter. 

Brain areas of MS patients outside of lesions areas are referred to normal appearing 
white matter (NAWM) and normal appearing grey matter (NAGM). These areas look 
normal from a morphological and cellular point of view. However, several studies 
have shown significant changes in these areas, including changes in BBB integrity, 
mitochondrial function and inflammatory processes [35–38]. 

Despite that demyelination is the most prominent histopathological feature of MS and 
that patients with MS indeed shown to exhibit reduced nerve conduction, this does 
not always lead to clinical deficits [39]. Instead, axonal damage has been shown to be 
a more accurate predictor of long-term clinical disability and disease progression [40]. 
Already during early stages of MS, axonal injury is frequently observed. In addition, in 
some cases these damaged axons are still myelinated.

FIGURE 3. Lesion types that occur in MS brains. Three types of white matter lesions are 
distinguished in MS brains. Active white matter lesions display ongoing inflammation and 
demyelination. Chronic active white matter lesions display demyelination with only inflammation 
on the lesion border. Chronic inactive white matter lesions show only demyelination without 
inflammation. Four types of grey matter lesions can be distinguished in MS brains. Type I 
lesions are positioned on the border between white and grey matter. Type II lesions are small 
intracortical lesions. Type III lesions extend into the cortex from the pial surface. Type IV lesions 
extend through the whole width of the cortex, but do not extend into the white matter.
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TABLE 1     Available disease-modifying therapies for multiple sclerosis

Agent Brand 
name Mechanism of action Efficacy Reference

Alemtuzumab Lemtrada Lyses CD52 lymphocytes, 
induces regulatory T cells. RRMS (42,43)

Cladribine Leustatin Depletes T and B cells RRMS (44)

Daclizumab Zinbryta Prevents maturation of 
autoreactive T lymphocytes RRMS (43,45)

Dimethylfumarate 
(DMF) Tecfidera

Decreases lymphocyte counts, 
mainly CD8+ T cells, supresses 
oxidative stress via activation 
of the Nrf2 pathway, potent 
inhibitor of NF-κB signalling

RRMS (46–48)

Fingolimod 
(FTY720) Gilenya

Modulates the sphingosine-
receptor system. Sequesters 
lymphocytes in lymph nodes. 
Reduces cytokine production by 
astrocytes

RRMS (49–52)

Glatiramer acetate 
(GA)

Copaxone, 
Glatopa

Tolerance induction of MBP-
specific T cells. Induction of T 
regulatory cells. Blocks MHC-II

RRMS (53)

Interferon beta 
(IFN-β)

Betaseron, 
Extavia, 
Avonex, 
Rebif, 
Plegridy 

Inhibits T cell division and 
migration across the BBB. 
Induction of T regulatory cells. 
Reduced Th17 cells.

RRMS (54,55)

Mitoxantrone Novatrone

Suppresses proliferation of T 
cells, B cells, and macrophages. 
Impairs antigen presentation. 
Decreases secretion of pro-
inflammatory cytokines

RRMS, 
SPMS (56–58)

Natalizumab Tysabri
Blocks alpha-4 integrin 
interaction, inhibits the migration 
of lymphocytes

RRMS (11,42,43,59)

Ocrelizumab Ocrevus Lyses CD20 positive B cells RRMS, 
PPMS (42,43,57,60)

Ofatumumab Arzerra Lyses CD20 positive B cells RRMS (42,61)

Siponimod Mayzent
Selective modulator of S1P1 
and S1P5 receptors. Sequesters 
lymphocytes in lymph nodes.

SPMS (62–64)

Terifunomide Aubagio
Inhibits proliferation of T and 
B cells by interfering with 
mitochondrial enzymes

RRMS (65)
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1.3 Treatment options

Because the primary cause of MS in still unknown, there are yet no treatments that 
are able to cure or prevent MS. However, there is a growing number of disease-
modifying therapies (DMTs) which are immunomodulatory or immunosuppressive 
drugs that significantly reduce the frequency and severity of relapses. Due to their 
immunomodulatory nature, these drugs are especially effective during de RRMS phase 
of MS, and are thought to be unable to prevent the transition into the progressive phase 
of MS. However initial treatment with alemtuzumab, fingolimod or natalizumab was 
recently associated with a lower risk of developing SPMS [41]. Due to the mechanism 
of action of these immunomodulatory and immunosuppressive drugs, the risk for 
developing progressive multifocal leukoencephalopathy (PML) also increases. PML is 
a disease caused by the John Cunningham (JC) virus, which, under normal conditions, 
is kept under control by the immune system. However, when the immune system is 
compromised due to the use of immunosuppressive drugs (especially Natalizumab), 
the JC virus will enter the brain and replicates locally, causing severe damage to myelin, 
which is often fatal. MS patients using drugs that possess a risk for the development 
of PML are screened for the presence of the JC virus. The risk for developing PML when 
using DMTs together with the fact that the treatment effect during the progressive 
phase of MS with these DMTs is less or not beneficial, highlights the need for new types 
of treatments for MS. Approved DMTs for MS are listed in table 1.

Despite advances in the research field, MS remains a disease we cannot cure. In addition, 
treatment, especially in the progressive phase of the disease, is still challenging. It 
is therefore important to identify signalling pathways that limit CNS inflammation 
and neurodegeneration. A possible overlooked candidate for these therapeutic 
interventions are the astrocytes.

2. ASTROCYTES

Why focus on astrocytes, while microglia are generally considered the resident 
immune cells in the brain of which the contribution to MS pathology is evident? First 
of all, astrocytes are involved in both early formation of lesions as well as later stages 
of lesion development. Activation of astrocytes appears to be an early step in the 
formation of MS lesions, even before significant numbers of immune cells infiltrate 
the CNS [66,67]. In addition, reactive astrocytes can be found in NAWM adjacent to 
lesions [66]. As astrocytes are in close proximity to the BBB, they can directly affect 
BBB function, thereby influencing lymphocyte infiltration. Astrocytes are also sensitive 
for inflammatory signals and can amplify this inflammatory reaction by producing 
a large number of cytokines, resulting in the recruitment, activation and survival 
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of lymphocytes [68,69]. During later stages, astrocytes also contribute to lesion 
development by limiting inflammation via the production of a glial scar and by impairing 
remyelination and neuronal survival [70,71].

Why then if astrocytes are so important, is their contribution to MS pathology not 
of more intense investigation? This could be explained by the fact that isolating 
astrocytes from adult human brain is a bigger challenge compared to isolating human 
lymphocytes. As a result, databases that show astrocyte specific genetic or epigenetic 
changes in MS pathology are not available, databases that do exist only cover the 
lymphocyte population. Consequently, there are more genetic variants associated with 
MS susceptibility with regard to lymphocyte functioning. In addition, most DMT that 
are successful in reducing MS activity, target immune cells. This has caused the MS field 
to focus primarily on immune cells, while it actually only shows that immune cells are 
involved in inflammation and the associated demyelination, and not necessarily have a 
causal relationship with MS.

2.1 History and function

So, what are astrocytes? Back in 1856, Virchow discovered a new element in the central 
nervous system (CNS) that was embedded in the rest of the tissue [72]. He called these 
elements “nervekitt”, which is later translated to neuroglia. Since then, studies have 
shown that these neuroglia cells vastly outnumber neurons. Glia cells were believed to 
have the sole function of providing structural support for neurons. It however became 
apparent that glia cells serve many key regulatory, homeostatic and metabolic functions 
and that they are involved in a number of neurodegenerative diseases including MS 
[73]. 

Glial cells can be divided into two main groups: microglia and macroglia. These cells 
have a different origin; microglia have mesodermal origin, migrate into the brain 
during prenatal development, and differentiate into the immune cells of the CNS. 
Macroglia are derived from the ectodermal germ layer and can be further divided 
into oligodendrocytes and astrocytes. Astrocytes, first described by Michean von 
Lenhossék in 1893, display a star-shaped appearance due to processes which extend 
in all directions (astro from the Greek astron meaning a star, while cyte from the Greek 
kytos means cell, thus star-like cell) [74]. The definition of an astrocyte is thus mostly 
based on its morphological features [75]. Some specific markers for astrocytes have 
been described, for example the cytoskeletal protein glial fibrillary acidic protein 
(GFAP), but it has been shown that astrocytes can express GFAP at different levels, and 
some astrocytes don’t even express GFAP [76]. 
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Different types of astrocytes have been identified based on their location and 
morphology [31,75,77,78]. In the grey matter, astrocytes are called protoplasmic 
astrocytes (type 1), as they display thick and short processes, which branch profusely. 
As these protoplasmic astrocytes connect both blood vessels and neurons, they are 
generally considered to serve as metabolic intermediates for neurons and mediators of 
neurovascular coupling [77,79]. Astrocytes within the white matter are termed fibrous 
astrocytes (type 2), they display several thin, long processes that do not branch a lot. 
Fibrous astrocytes mainly function to repair damaged tissue, which may result in the 
formation of a glial scar.

2.2 Astrocytes under physiological conditions

Over the past few years, considerable amount of research has been conducted on 
astrocytes, which has shown that astrocytes exert far more complex functions than just 
providing structural support for neurons. Astrocytes secrete an array of neurotrophic 
factors, including nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), 
glia-derived neurotrophic factor (GDNF), ciliary neurotrophic factor (CNTF) through 
which they play diverse roles including guiding neuronal development and regulating 
activity of neurons [80,81]. But there is also intense ongoing bidirectional interaction 
with microglia, oligodendrocytes, and neurons via other signalling molecules including 
cytokines and chemokines.

Because astrocytes are in close contact with both neurons and capillaries, they are 
in a unique position to shuttle nutrients and metabolites between the blood and the 
active neurons. Therefore, one of their main functions is to support the metabolic 
needs of neurons [82]. In addition to their trophic role, astrocytes have been shown 
to contribute to information processing of neurons. Astrocytic processes form so-
called tripartite synapses with neuronal synapses, allowing them to regulate neuronal 
synaptic transmission via an increase in Ca2+ levels and release of gliotransmitters 
such as glutamate, ATP and D-serine [83–85].

Through their ability to produce cytokines, astrocytes participate in immunomodulatory 
functions such as differentiation and activation of microglia and macrophages 
[86]. Under healthy conditions, astrocytes secrete low levels of anti-inflammatory 
cytokines TGF-β and IL-10. But when the astrocytes are challenged, for example during 
neuroinflammation, they can further control the skewing of microglia/macrophages. 
Like astrocytes, microglia and macrophages have different functional phenotypes. A 
classical activation status, which is induced by inflammatory factors is called M1. M1 
microglia produce various pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, 
as well as superoxide, ROS and NO. M2 microglia poses an alternative activation status, 
induced by anti-inflammatory factors. M2 microglia facilitate phagocytosis of cell debris 
and promote tissue repair [87,88].
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Astrocytes are also important for the development and maintenance of the 
neurovascular unit. Astrocytes enwrap the vasculature with a large number of end-feet. 
Specific proteins such as aquaporin-4 (AQP4) and Kir4.1 and the gap junction-forming 
protein Connexin 43 (Cx43) are expressed at these end-feet. These proteins allow for 
direct exchange of small molecules with the endothelial cells [89,90]. Furthermore, 
astrocytes are able to regulate blood flow via the secretion of arachidonic acid, nitric 
oxide (NO), prostaglandins and other vasoactive molecules [91]. In addition, astrocyte-
secreted factors are important for the maintenance of tight junction proteins between 
endothelial cells, as well as expression of efflux transporters such as P-glycoprotein 
[92]. Next to this regulatory role, astrocytes also form a secondary barrier with their 
endfeet. This barrier, called the glial limitans, further restricts entry of peripheral 
immune cells into the CNS [93,94].

Another cell type that astrocytes interact with are oligodendrocytes, it is generally 
accepted that astrocytes support oligodendrocyte function. Astrocytes promote 
oligodendrocyte survival and maintain them in a mature myelinogenic state via the 
release of soluble factors, but also cell-contact dependent mechanism have been 
described [95]. Differentiation of oligodendrocyte precursor cells into myelinating 
oligodendrocytes can be both induced and inhibited by astrocytes, again mostly via the 
production of soluble factors [96].

2.3 Astrocytes under pathological conditions

Traditionally, in most diseases affecting the CNS, astrocytes have been commonly 
regarded as a bystander that only plays a secondary role. However, astrocytes are 
nowadays considered as important players in neurodegenerative diseases. Under 
pathological conditions, astrocytes generally undergo a dramatic transformation 
referred to as reactive astrocytosis in which astrocytes become hypertrophic, extend 
their processes and increase their production of their intermediate filaments such as 
GFAP, vimentin and nestin. This change is largely due to factors in the microenvironment 
such as cytokines, growth factors and other signals originating from injured neurons 
and microglia. It is important to point out that reactive astrocytosis is in itself not 
unfavourable, as both beneficial and detrimental processes are described. Recently 
two subtypes of reactive astrocytes have been described base on distinct molecular 
markers [97]. These subtypes are termed A1 and A2, a nomenclature adapted from 
the macrophage field, where this nomenclature is heavily criticized due to it being too 
black and white as many intermediate states have been described [98,99]. Reactive 
astrocytes which express A1 markers are thought to be neurotoxic and are found 
in numerous neurodegenerative conditions, including MS, Parkinson’s disease and 
Alzheimer’s disease [97]. Furthermore, during aging astrocytes also gain a more A1 
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profile [100]. The role of A2 astrocytes is still under debate. As A2 astrocytes upregulate 
neurotrophic factors, they are thought to exhibit a more neuroprotective role, and thus 
far no neuropathological conditions are associated with A2 astrocytes. It should be kept 
in mind that these distinct astrocytic phenotypes may coexist or develop sequentially 
during different phases of a pathological process. 

2.3.1 Astrocytes in MS  

In 1868, the importance of astrocytes In MS pathology has been described by Jean-
Marie Charcot [101]. He described MS as a toxin- or microorganism-induced condition 
in which the myelin sheath is overgrown by glial cells, leading to neurodegeneration. 
In addition, evidence that astrocytes are vital in the pathogenesis of MS comes from 
the experimental autoimmune encephalomyelitis (EAE) mouse model. This model 
is induced by immunization of mouse with myelin antigens. EAE resembles MS in 
regard of immune cell infiltration into the CNS, BBB dysfunction and to some extend 
demyelination. Depletion of astrocytes during the acute phase EAE led to a significant 
worsening of the disease with increased monocyte and T cell influx into the CNS. 
However, when astrocyte were depleted during the chronic phase of EAE, significant 
recovery and decreased infiltration of immune cells was observed [102–104]. These 
studies highlight that astrocytes can have both beneficial and harmful properties. 
The particular impact of astrocytes on pathogenesis and repair of an inflammatory 
process will thus depend greatly on the surrounding microenvironment, which is 
known to change profoundly during pathogenesis. In MS lesions, astrocytes gain a 
reactive phenotype due a number of processes including immune cell influx through 
a disrupted BBB, ongoing inflammation, demyelination and neurodegeneration. 
Beneficial effects of reactive astrocytes in MS include their ability to facilitate BBB 
repair [105] and via the production of immunosuppressive molecules such as IL-6 and 
IL-11 [73,106,107]. In addition, reactive astrocytes produce more BDNF and astrocyte 
specific deletion of BDNF resulted in a more severe clinical course of EAE with more 
prominent neurodegeneration [108]. However, astrocytes can also exacerbate 
inflammation by secreting pro-inflammatory chemokines and cytokines which leads to 
BBB leakage and the recruitment of macrophages, microglia, and lymphocytes towards 
MS lesions [106,109,110]. Mice with an astrocyte specific deletion of the chemokine 
CCL2 gene also displayed less severe EAE course with fewer immune cell infiltration 
and less microglia activation [111]. In addition, astrocytes express cell adhesion 
molecules ICAM-1 and VCAM-1, which may be associated with macrophage/microglia 
and lymphocyte recruitment into the parenchyma. Genetic ablation of ICAM-1 in EAE 
mouse showed reduced immune cell infiltration and less demyelination compared to 
wild type EAE mouse [112], which is mostly likely due to lack of expression of ICAM-1 on 
endothelial cells. Recruitment of immune cells, and in particular microglia, to the lesion 



Chapter 1 

22

site by astrocytes is not necessarily detrimental. Using the cuprizone model to induce 
demyelination, it was shown that ablation of astrocytes prevented the recruitment of 
microglia towards the lesion site, which consequently caused a delay in the removal of 
myelin debris [113]. Furthermore, reactive astrocytes in MS lesions have been shown 
to increase their interaction with neurons, they exert neuroprotective properties by 
generating more lactate transporters to provide neurons of enough energy in an 
attempt to restore homeostasis [79]. 

Additionally, reactive astrocytes generate a glial scar marked by interwoven astrocytic 
processes accompanied by an excessive accumulation of extracellular matrix (ECM) 
components. This glial scar is a physical barrier in areas of demyelination which isolates 
the lesions, and prevents widespread tissue damage. In this respect, the glial scar 
can be considered as a beneficial process, although in long-term, the consequences 
of this scar are more detrimental. Due to the rigidity of the glial scar, both OPCs and 
axons are inhibited from entering the demyelinated lesions, thereby inhibiting axonal 
outgrowth and remyelination, [70,73,93,114]. One of the ECM compounds present 
in the glial scar are chondroitin sulphate proteoglycans (CSPG) which inhibit OPC 
outgrowth, differentiation and adhesion, thereby interfering with remyelination [96]. 
In addition, it has been reported that CSPGs also negatively affects axonal outgrowth 
[70,73]. Other matrix proteins include fibronectin and laminin, are shown to be more 
neurite outgrowth-promoting. Studies in which astrocytes have been eliminated 
resulted in remyelination only by Schwann cells, indicating a pivotal role for astrocytes 
in remyelination. Since then several astrocytic factors have been identified that are 
capable of promoting as well as inhibiting remyelination. 

Another beneficial role of reactive astrocytes is their role in anti-oxidant defence. Under 
neuroinflammatory conditions astrocytes have been shown to express antioxidant 
enzymes which might protect surrounding cells form reactive oxygen species (ROS)-
mediated cell death [115,116].

It is thus clear that astrocytes are involved not only in detrimental processes, but 
also in creating a permissive environment promoting repair and remyelination. 
Consequently, skewing astrocytes towards a more protective phenotype might provide 
new therapeutic ways to halt ongoing inflammation-induced neuro degeneration and/
or stimulate remyelination.



Ch
ap

te
r 1

General Introduction

23

3. THESIS AIM AND OUTLINE

The aim of this thesis is to identify novel molecular mechanisms by which astrocytes 
influence neuroinflammation and associated neurodegeneration in MS and vice 
versa. We postulate that altered cellular communication of reactive astrocytes with 
their surrounding cells plays a critical role in these processes. Elucidation of involved 
signalling molecules may eventually lead to the identification of new diagnostic tools 
and might hold the key for future neuroprotective strategies.

In chapter 2 we show that astrocytes, with their end feet, closely interact with T cells 
in the perivascular space. This interaction is mediated via the tight junction molecule 
claudin 4, which is expressed on astrocytic endfeet, and CD18 expressed on (activated) 
T cells. This is a novel mechanism by which astrocytes might control T cell influx into 
the brain. The regulation of neuroinflammation by astrocytes is further investigated 
in chapter 3 where we show that melanocortin receptor 4 (MC4R), the receptor for 
the alpha-melanocyte-stimulating hormone (α-MSH) is expressed in human astrocytes 
and upregulated in MS lesions. Stimulation of MC4R in astrocytes alters the reactive 
phenotype induced production and secretion of interleukin -6 and -11, pushing 
macrophages towards a more anti-inflammatory phenotype. The interaction between 
astrocytes and immune cells is bidirectional, and in chapter 4 we demonstrate that 
macrophages and microglia are able to modulate the expression of angiopoietin-like 
4 (ANGPTL4) on astrocytes in MS lesions. ANGPTL4 is an endogenous inhibitor of 
lipoprotein lipase (LPL). LPL is expressed by microglia and macrophages and is shown 
to be involved in the remyelination process. We observed a marked downregulation 
of astrocytic ANGPTL4 expression in inflammatory MS lesions, which may ultimately 
facilitate remyelination. In chapter 5 we explore a novel molecular crosstalk between 
astrocytes and neurons. We show that protein expression of Transient receptor 
potential cation channel, subfamily M, member 7 (TRPM7), a calcium channel with a 
functional kinase domain, is increased in reactive astrocytes within MS lesions. We 
further explored the functional effects of enhanced astrocytic TRPM7 expression on 
neuronal outgrowth in an in vitro setting in which we culture primary neurons on top 
of a feederlayer of astrocytes. Using this model, we show that increased astrocytic 
expression of TRPM7 reduced the outgrowth of neurons. Finally, in chapter 6 the 
findings of this thesis and future perspectives are being discussed.
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