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1. Multiple sclerosis

1.1 Epidemiology and etiology
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous sys-

tem (CNS), in which autoimmune demyelination and neuronal damage in the brain 

and spinal cord lead to severe and progressive neurologic decline, often resulting 

in premature death. Currently, MS affects 2.5 million people worldwide and is about 

two times more prevalent in women than in men.1 It may be considered the most 

common disabling neurological disease in young adults, as disease onset usually 

occurs between the age of 20 and 30. However, MS can also affect children and 

older people. 

Although the ultimate etiology of MS has yet to be defined, it is becoming in-

creasingly clear which factors may contribute to disease susceptibility. The fact that 

prevalence increases with distance to the equator has led to the hypothesis that lim-

Chapter 1

Figure 1   Prevalence of multiple sclerosis per 100.000 individuals, worldwide. From 
Atlas multiple sclerosis resources in the world 2008. © World Health Organization 2008.



9

ited exposure to sunlight, perhaps by way of decreased vitamin D synthesis, leads to 

an elevated risk for developing MS (figure 1).2,3 In support of this, patient and animal 

data do indicate that both exposure to sunlight and vitamin D status may have an 

effect on disease susceptibility and severity, also independently from each other.4–6 

In addition, many different viruses have been implicated as a causative agent in 

MS.7 A notable candidate among these is the Epstein-Barr virus (EBV), although its 

role as a etiologic factor in MS is intensely debated.8–10 Indeed, viruses have been 

shown to be able to induce autoimmunity via several mechanisms.11 One mecha-

nism postulated to cause virus-induced autoimmunity in MS is molecular mimicry, 

which entails cross-reactivity of virus-specific T cells with self-antigens.12 In addition 

to the environmental factors, susceptibility is clearly determined by genetic makeup, 

for which studies strongly point towards a role of immunologically relevant genes, in 

particular of those involved in regulation of T-cell immunity.13,14 Therefore, it is widely 

believed that susceptibility to MS is determined by a complex interaction between 

genetic and environmental factors.

1.2 Clinical and pathological heterogeneity of MS
The hallmark of MS neuropathology is white matter demyelination, though it is char-

acterized by many other features, such as accumulation of activated microglia and 

macrophages within lesions, the presence of microglia nodules in the normal-ap-

pearing white matter (NAWM), neuronal damage, oligodendrocyte loss, perivascu-

lar cuffing of leukocytes and grey matter demyelination.15–18 Importantly, MS also 

features a process of myelin repair called remyelination. At neuropathological ex-

amination, this is evident in so-called shadow plaques, previously demyelinated ar-

eas where due to remyelination new and usually thinner myelin sheets have been 

formed around axons, thereby limiting further loss of neuronal functioning. 

One of the most striking features of MS is its clinical and pathological heteroge-

neity. This is most clearly reflected by the variability in MS disease severity. Disease 

severity may be defined by the overall rate of MS progression and ensuing disability, 

the latter commonly measured by the expanded disability status scale (EDSS) of 

Kurtzke.19 The EDSS system scores a healthy state as 1, the most severe stage 
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as 9.5 and death due to MS as 10.19 Progression of MS, and thus severity, is highly 

variable and unpredictable: some MS patients may remain relatively asymptomatic 

for decades, whereas others may progress to a state of severe disability and death 

within years or in cases with fulminant disease even within months after onset.20 

Patients with a low EDSS score (3 or less) after a period of at least 10 years are said 

to have benign or mild MS, which is seen in about 10% of the cases. In addition, MS 

displays various patterns in its clinical course. Based on these patterns, three major 

subtypes of MS are designated, irrespective of disease severity (figure 2): 

1. Relapsing-remitting MS (RRMS) 

Characterized by unpredictable attacks, which may or may not result in perma-

nent neurologic deficits, followed by periods of remission.

2. Secondary progressive MS (SPMS)

Characterized by initial relapsing-remitting pattern that converts to steady neu-

rological decline without remission. 

3. Primary progressive MS (PPMS)

Steady neurologic decline starting directly at the onset of disease without relaps-

es or periods of remission.

Combinations of the described MS courses may also be observed, for example a 

pattern of steady neurologic decline with superimposed relapses, which is some-

times referred to as progressive-relapsing MS subtype. 

In some, but not all patients, cognitive symptoms are present, in particular in 

advanced disease. Moreover, in about 60% of the patients depression is observed 

as a comorbidity at some point during the disease.21 The heterogeneity of MS is 

also apparent at the neuropathological level, as a great variability is seen between 

patients in for example the number and anatomical distribution of lesions, the extent 

of demyelination and remyelination, the degree of inflammation and the perivascular 

cuffing of leukocytes.17,18,22 The extent to which these neuropathological features 

occur and their location in the brain and spinal cord together determine the clinical 

presentation of MS in an individual patient. It has been proposed that distinct cat-

egories of demyelinating lesion pathology exist.17 However, it is still a matter of de-
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bate whether pathological heterogeneity is a reflection of inter-individual differences 

in the mechanisms underlying demyelination, or of stages of lesion development 

over time that ultimately converge to the same mechanism.17,18 On the other hand, 

there is there is a strong notion that lesion pathology is homogeneous within MS 

patients.18 Related to this, there is a great interest in the mechanisms that determine 

the clinical and pathological heterogeneity of MS between patients. Genetic factors 

play a role, as for example glucocorticoid receptor (GR) haplotypes were found to be 

associated with fast progression of MS.23 In addition, polymorphisms leading to high 

glutamate levels in MS were shown to coincide with high degrees of neurodegenera-

tion.24 Stress-axis responsiveness is another factor that has been strongly implicated 

in heterogeneity of MS and is therefore the subject of this thesis.25

1.3 Pathogenesis of MS
Whereas the primary cause of MS lesion development is still unclear, much is known 

about the major events that lead to plaque pathology, such as blood-brain barrier 

(BBB) disruption, influx of peripheral leukocytes and activation of microglia. MS is 

classically seen as an autoimmune disease that is mediated by CD4+ T cells spe-

cific for CNS-associated self-antigens, in particular myelin components. However, a 

IntroduCtIon

In
cr

ea
si

ng
 d

is
ab

ili
ty

Time

Relapsing-remitting

Secondary progressive

Primary progressive

Figure 2   Major clinical subtypes of multiple sclerosis



12

central pathogenic role has also been ascribed to auto-antibodies directed against 

myelin or neuronal antigens, which form oligoclonal bands in the cerebrospinal flu-

id (CSF) that serve as diagnostic hallmark of MS.26,27 Nevertheless, there is still 

no coherent model of MS pathogenesis. At the same time, accumulating evidence 

indicates that microglia may be crucially involved in MS lesion development and ex-

pansion.18,28–30 In many cases, clusters of microglia are present in the NAWM even 

before MS lesions develop.31 Additionally, microglia activation precedes the onset of 

autoimmune demyelination in the most studied animal model for MS, experimental 

autoimmune encephalomyelitis (EAE).32 Within acute or chronic active MS lesions, 

activated microglia and macrophages are the predominant cell type and they are 

actively involved in phagocytosis of myelin.18,33,34 Moreover, their number correlates 

with the extent of axonal damage in MS lesions and with neuronal dysfunction in 

EAE.35–37 Therefore, microglia are a highly relevant therapeutic target, even more so 

as their strong plasticity implies that modulating microglial functioning in vivo may be 

a feasible therapeutic strategy.

1.4 Therapy of MS
As no single etiologic agent is known to cause MS, there are currently no options for 

developing preventative or curative treatments. Available MS therapies are slowing 

down disease progression by targeting the immune system in various ways. Gluco-

corticoids (GC) are among the earliest and most widely used therapeutic agents in 

MS, as they are well known for their broad anti-inflammatory properties.38 Short-term 

treatment with high-dose GC is frequently applied to reduce the duration and sever-

ity of acute MS relapses.39 However, the (chronic) use of high-dose GC has consid-

erable negative side-effects, while there is no proven positive effect on long-term 

disease progression.39 It has been well-established that GCs profoundly affect all 

cellular compartments of the immune system, which is not surprising given the fact 

that all leukocytes display GR expression, including microglia and macrophages.40,41 

The immunosuppressive effects of GC on adaptive immunity are primarily mediated 

by inhibiting T-cell immunity, whereas macrophages are polarized towards a reg-

ulatory phenotype.38,41 In addition to these immunomodulatory features, GCs are 
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though to enhance BBB integrity and reduce leukocyte migration.42 However, due 

to their lipophilic nature, GCs can pass the BBB freely and directly affect microglia, 

which also implies that they represent a clear cellular target for the endogenous GC, 

cortisol, produced by the HPA-axis. 

Other important therapeutic agents for MS are interferon-beta (IFN-β), glati-

ramer acetate and Natalizumab. IFN-β is a type I interferon that is used to treat 

RRMS and is able to reduce the frequency clinical exacerbations.43 However, a large 

part of the RRMS patients does not respond to the therapy due to development of 

antibodies against IFN-β.44 The therapeutic effect of IFN-β is thought to be primarily 

brought about via modulation of T cells, by causing a shift from a Th1 to a Th2 phe-

notype.45 The identification of glatiramer acetate treatment was based on serendipity, 

as it was originally developed as a synthetic derivate of myelin basic protein and was 

intended to be used for induction of EAE.46,47 Various clinical trials have demonstrat-

ed a positive effect of glatiramer acetate on relapse rate, though the there was only 

a small overall effect on disease progression.48,49 Like IFN-β, glatiramer acetate has 

the capacity to induce a Th2 phenotype in T lymphocytes, and is thought to enhance 

in these cells the production of brain-derived neurotrophic factor (BDNF).50,51 One of 

the most promising therapies for MS that is currently being used is administration of 

an antibody against the very-late-antigen-4 (VLA-4, CD49d), which goes by the com-

mercial name Natalizumab. The integrin VLA-4 is expressed on most leukocytes and 

facilitates their extravasation and passing of the BBB by binding the vascular cell 

adhesion molecule (VCAM)-1 on vascular endothelial cells. By inhibiting migration 

of leukocytes to the brain parenchyma, this antibody successfully decreased relapse 

rates and disease progression in MS patients.52

IntroduCtIon
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2. The stress-axis

2.1 Basic functioning
As the stress-axis involves the hypothalamus, as well as the pituitary and adrenal 

gland, it is commonly referred to as the hypothalamus-pituitary-adrenal (HPA-) axis.  

The hypothalamus forms the starting point of the stress-axis and is located at the 

base of the cerebrum. Phylogenetically, it is one of the oldest parts of the CNS and 

by interacting with the endocrine, immune and autonomic nervous system it is cru-

cial for the regulation of functions, such as body-temperature, water and food-intake, 

blood pressure, circadian rhythm and sexual behavior. Importantly, the hypothala-

mus is also strongly involved in responsiveness to psychological and physiological 

stress as part of the HPA-axis.53–60 

At the anatomical level, the hypothalamus is composed of several nuclei, clus-

ters of neurons with specific neurobiological and/or neuroendocrine functions. The 

nucleus responsible for regulation of the stress-axis is situated adjacent to the third 

ventricle and is referred to as the paraventricular nucleus (PVN). The neurons in the 

PVN involved in stress-axis functioning are those that produce corticotropin-releasing 

hormone (CRH), which is secreted into the bloodstream and is thereby transported 

to the anterior lobe of the pituitary gland where it induces release of adreno-cortico-

tropic hormone (ACTH) from corticotropic cells. While CRH is the primary factor con-

trolling ACTH release, additional other factors secreted by hypothalamic neurons are 

capable of modulating this. A particular important example is arginine-vasopressin 

(AVP), which is able to potentiate the effects of CRH up to 30 times.61–66 Especially in 

conditions of chronic stress leading to elevated stress-axis activity, CRH-producing 

neurons in the PVN may also start secreting AVP. Co-expression of CRH and AVP 

is therefore an important indicator of stress-axis hyperactivity.67–70 Upon induction by 

hypothalamic factors, ACTH is secreted from the anterior pituitary into the general 

bloodstream, by which it is transported to the adrenal gland. Subsequently, cells in 

the zona fasciculata of the adrenal cortex are stimulated by ACTH to secrete cortisol, 

the main GC in humans. 

Once secreted, the majority of circulating cortisol (±90%) is bound to cortico-
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steroid-binding globulin (CBG). Cortisol is able to enter the CNS via the blood circu-

lation and by way of the CSF. However, in its unbound form, the hydrophilic nature 

of unbound cortisol enables it to easily cross the BBB and cellular membranes. The 

local bioavailability of cortisol is further regulated by 11β-hydroxysteroid dehydro-

genase (11βHSD) 1 and 2, which catabolize and metabolize cortisol, respectively.  

Importantly, cortisol controls stress-axis activity though a negative feedback mech-

anism, as it suppresses secretion of CRH and AVP in the hypothalamus and ACTH 

production in the pituitary (figure 3). 

2.2 Neuroendocrine-immune interactions
Interaction between the stress-axis, the nervous system and the various compart-

ments of innate and adaptive immunity play a key role in regulation of inflamma-

tion.71–73 Various factors released during systemic or localized inflammation are 

capable of modulating stress-axis activity. Inflammatory cytokines, including tumor 

necrosis factor-a (TNFa), interleukin (IL)-1b and IL-6 are capable of either directly or 

indirectly activating the stress-axis. Probably the most potent compound in this re-

spect is IL-1b, which strongly activates the stress-axis by stimulating neurons in the 

PVN to release CRH.74 In addition, IL-6 is able to activate the stress-axis by direct 

interaction at the level of the pituitary or adrenal gland (figure 3).75 

A cytokine related to IL-6, leukemia inhibitory factor (LIF), is especially import-

ant for stress-axis responsiveness towards inflammation, as it has been shown to 

strongly stimulate production of pro-opiomelanocortin, the precursor of ACTH, in the 

pituitary. Moreover, LIF was shown to reduce GR expression in the PVN, thereby 

limiting central suppression of stress-axis activity by cortisol. Thus, LIF greatly in-

fluences the setpoint of the stress-axis and its production during inflammation likely 

acts to maintain cortisol secretion at an adequate level. Another well-known class of 

inflammatory mediators that activate the stress-axis by inducing CRH release from 

hypothalamic neurons are prostaglandins, in particular prostaglandin E 2. Production 

of prostaglandins is strongly induced by all innate cytokines in various cell types in 

the CNS and serves for amplification and transmission of signals associated with 

acute inflammation.72 As prostaglandins are strongly induced in the brain microvas-
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culature by circulating innate cytokines, they are also centrally involved in relaying 

effects of peripheral inflammation across the BBB into the CNS.72

Aberrant functioning of the stress-axis is strongly associated with immune 

dysregulation. Hyperactivity of the stress-axis in the absence of inflammation, for 

example in Cushing’s syndrome, results in immunosuppression and increased sus-

ceptibility to infection.76 Conversely, hypoactivity of the stress-axis is associated with 

increased susceptibility to and severity of inflammation. For example, subjects with 

a constitutively hypoactive stress-axis, as seen in Addison’s disease, require GC 

supplementation during infection and inflammation to prevent cytokine-induced tox-

icity.77

The effects of stress-axis activity on the immune system are ultimately mediat-

ed by GC produced by the adrenal gland, primarily cortisol in humans. The cellular 

effects of cortisol are induced mainly by ligation to the GR within the cytoplasm. After 

this, the cortisol-GR complex may affect cellular functioning through two distinct 

mechanisms. The first one, called transrepression, involves suppression of other 

transcription factors by the cortisol-GR complex through direct protein-protein inter-

actions. Alternatively, binding of the cortisol-GR complex to DNA sequences called 

glucocorticoid responsive elements (GRE) in specific genes may lead to their tran-

scriptional inhibition or enhancement, the latter being referred to as transactivation. 

Non-genomic effects of GR ligation by cortisol are rapidly induced through interac-

tion with membrane-associated receptors and were shown to exert anti-inflammatory 

effects by inhibiting synthesis of secondary messengers at play during inflammation, 

including prostaglandins.38,78 In conclusion, all these mechanisms are thought to play 

a role in immunosuppression, though they are certainly also involved in mediating 

the pleiotropic effects of cortisol within the human body. 

Cells of both innate and adaptive immunity express the GR, and are therefore 

sensitive to GC-mediated immunomodulation. The impact of GC on the adaptive 

immune system is largely brought about by their effects on myeloid cells. In macro-

phages and dendritic cells, GC strongly reduce the capacity for antigen presentation, 

but also suppress production of IL-12, a cytokine that is essential for induction of a 

T-helper (Th)-1 phenotype in CD4+ T cells.79 The lack of IL-12 causes CD4+ T cells to 
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shift from a Th1 to a Th2 phenotype, coinciding with a switch from interferon-g (INFg) 

to IL-4 production. 

These GC-induced changes in CD4+ T cells greatly affect the phenotypic prop-

erties of macrophages and other myeloid cells, as IFNg (Th1) and IL-4 (Th2) are 
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Figure 3   Schematic representation of the stress-axis and bidirectional communication 
with the immune system. Neurons in the paraventricular nucleus of the hypothalamus se-
crete corticotropin-releasing hormone (CRH), which is transported via a local venous portal 
system to the anterior pituitary gland. There, it induces secretion of adrenocorticotropic-re-
leasing hormone (ACTH) into the general blood circulation, which takes it to the adrenal gland, 
where it stimulates cortisol production. The immunomodulatory effects of cortisol are exerted 
throughout the body, including the CNS. Cortisol negatively feeds back on the stress axis, as 
it suppresses CRH and ACTH secretion at the level of the hypothalamus and pituitary. Pro-in-
flammatory cytokines, such as TNFα, IL-1β, and IL-6, stimulate cortisol release by acting at 
all three levels of the stress-axis. In turn, negative feedback of cortisol on the immune system 
acts to suppress the further synthesis and release of pro-inflammatory cytokines.
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associated with respectively classical (M1) and alternative (M2) macrophage acti-

vation. M1 activation refers to pro-inflammatory immune responses of macrophages 

induced by IFNg or lipopolysaccharide (LPS) and results in production of various 

effector molecules that are known to confer neurotoxicity, such as tumor necrosis 

factor alpha (TNFα), interleukin-6 (IL-6), and reactive oxygen species (ROS). Con-

versely, M2 activation encompasses the induction of various tissue repair and immu-

noregulatory pathways in macrophages by compounds such as IL-4, IL-10 and GC, 

and is associated with expression of immune mediators that suppress inflammation 

and promote neuroprotection, such as IL-10 and transforming growth factor-beta 

(TGFβ).80–84 Through all these mechanisms, GC have the capability to strongly im-

pact on the inflammatory milieu within the CNS. 

2.3 The stress-axis in MS
Impairments in stress-axis activity have been linked to enhanced susceptibility to 

autoimmunity. For example, several studies suggest that suboptimal production of 

cortisol is involved in the onset and/or progression of rheumatoid arthritis (RA).85–87 

Moreover, aberrant functioning of the stress-axis has been reported in inflammatory 

bowel disease.88

Several lines of evidence implicate the stress-axis in MS pathogenesis, dis-

ease progression and even occurrence of comorbid mood disorders.25,89–91 Cortisol 

is immunosuppressive and routinely used in its synthetic form to treat MS relaps-

es.39,92 In the EAE model for MS, rats with low stress-axis responsiveness indeed 

show higher disease susceptibility and reduced recovery rates.93,94 Clinical studies in 

MS patients demonstrated elevated basal cortisol plasma levels as well as marked 

stress-axis hyperactivity in the combined dexamethasone-CRH test.91,95–99 Post-mor-

tem studies also showed chronic activation of the stress-axis in MS, as indicated by 

enlarged adrenal glands, higher cortisol levels in the cerebrospinal fluid (CSF) and 

increased CRH-producing neurons co-expressing vasopressin (VP) in the hypothal-

amus25,100,101 Apparently, hyperactivity of the stress-axis in MS is not sufficient to pre-

vent disease. Interesting in this respect is that we and others identified MS patients 

with a hypoactive stress-axis and a very severe clinical course of MS.25,95 In addition, 
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we found an inverse correlation between the number of CRH neurons and the num-

ber of active MS lesions in the hypothalamus.25 In line with this, cortisol release in the 

combined dexamethasone-CRH test was reported to be negatively correlated to the 

presence and number of gadolinium-enhancing lesions in MS patients.89 Thus, the 

stress-axis is generally activated in MS, but patients with a hypoactive stress-axis 

have particularly severe MS and more active lesions.

3. Microglia

3.1 Microglia: key players in CNS immunity and MS
Microglia are highly versatile immune cells of the myeloid lineage with many different 

cellular functions that may be either beneficial or detrimental and play a crucial role 

in innate and adaptive immunity.102–105 Also called the brain-resident macrophages, 
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Figure 4   The spectrum of microglia morphologies. On the far left are depicted ramified 
microglia under resting conditions that via several transitional stages, shown in the middle, 
may adopt an activated phenotype with an amoeboid macrophage-like morphology, as illus-
trated on the far right. Drawing by Pío del Río-Hortega.
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microglia were long though to originate from the same hematopoietic progenitor as 

other myeloid immune cells. However, fate mapping studies in mice demonstrated 

that microglia derive from primitive hematopoietic progenitors during embryogene-

sis.106 This means that microglia, at least in mice, represent an ontologically distinct 

myeloid cell population within the immune system. Morphologically, microglia are 

characterized by a small soma with extensive radial ramifications that are used to 

actively survey the microenvironment under physiological conditions.107 However, 

upon activation, microglia may proliferate and, via several transitional stages, adopt 

an amoeboid, macrophage-like morphology (figure 4).108,109

As surveyor of parenchymal homeostasis in the brain, microglia are highly 

sensitive to microenvironmental alterations associated with damage, inflammation, 

or infection. Another central feature of microglia is their sensitivity to inflammation 

outside the CNS.110 As such, peripheral or systemic inflammation can alter microg-

lia activation status or may even lead to detrimental microglial immune responses, 

which are though to be involved in exacerbation of neurodegenerative disorders and 

the occurrence of delirium.110,111 Depending on the specific circumstances, microglia 

are able to exert various effector functions that may be either neurotoxic or neuro-

protective.112 Microglial effector functions include phagocytosis, antigen presentation 

and production of inflammatory cytokines, neurotrophic factors and reactive oxygen 

species.112 

The functional versatility and central role of microglia in neurodegeneration 

and inflammation has led to a strong interest in the mechanisms determining their 

phenotypic switches. A major question of interest is to what extent microglia display 

features of M1 and M2 activation in various pathologies. However, most of the data 

on macrophage polarization have been generated by in vitro experiments. Impor-

tantly, the circumstances in these culture models are quite different from the physio-

logical conditions under which innate immune responses occur in vivo. In particular, 

it is now becoming clear that the tissue microenvironment profoundly affects the 

immune responsiveness of resident immune cells.113 Indeed, it has been well-estab-

lished that effector functions exerted by microglia are the net result of the interaction 

between signals in the brain microenvironment and many different molecules for 
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recognition and regulation on the microglial cell surface (figure 5).112,114 Thus, mi-

croglia may be considered a product of their microenvironment, due to their high 

sensitivity to local aberrations. On the other hand, owing to their functional versatility, 

IntroduCtIon

Figure 5   Classes of surface molecules involved in microglia functioning. Microglia ex-
press various receptors for recognition and phagocytosis. The cellular effects of ligation of 
these receptors are tightly controlled by a large class of regulatory proteins that interact with 
molecules on the neuronal surface, e.g. CX3CL1 (fractalkine), CD200 and CD22. Though 
here included in the class of recognition molecules, cytokine and chemokine receptors are 
also involved in microglial regulation. The net result of the interactions of cell surface mole-
cules for recognition and regulation with their ligands determines whether and to what extent 
microglia exert their various effector functions, such as phagocytosis or secretion of output 
molecules with neurotrophic/anti-inflammatory or neurotoxic/pro-inflammatory properties. 
From: Lucin and Wyss-Coray, Neuron, 2009.
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microglia determine the surrounding inflammatory milieu to a very large degree.

Considering the key role of microglia in CNS (auto)immunity and the many un-

answered question regarding their tissue-specific and pathology-related phenotype 

and functioning, a procedure for rapid isolation of these primary cells from post-mor-

tem human brain tissue for in vitro studies is highly warranted. This is even more 

so, as many existing microglia isolation procedures were time consuming, since 

they included sequential enrichment steps based on differential adherent proper-

ties of glial cells types, in some cases preceded by several Percoll density gradient 

separations.115,116 These procedures required prolonged culture and adherence for 

enrichment of microglia, which is inevitably accompanied by changes in microglial 

phenotype before the start of the actual experiment. Therefore, observations made 

in an approach that excludes effects of culture and adherence as much as possible, 

will likely more accurately reflect the tissue-specific biology of microglia in vivo. In 

addition, it offers the opportunity to directly relate ex vivo microglial phenotypes to 

data obtained by downstream applications, such as in vitro assays on various effec-

tor functions, transcriptomic and proteomic analyses.

3.2 Microglia in MS

Microglia activation has since long been implicated as a early hallmark of pathol-

ogy in MS and EAE.28 Activated microglia clusters, so-called nodules or pre-active 

lesions, are found in the NAWM of MS patients.15,117,118 However, other studies in 

post-mortem human tissue indicated that microglia throughout the NAWM of MS 

show subtle changes in inflammatory and neuroprotective pathways and alterations 

in their activation status.119,120 Interestingly, microglia activation, as determined by 

CD45 upregulation, was found to precede the onset of autoimmune demyelination 

in EAE, supporting the idea that changes in microglial activation status represent a 

crucial step in the initiation of MS lesion pathology.32 In line with this, mice depleted 

of microglia showed a delayed onset and decreased severity of EAE.121 The import-

ant role of microglia activation in EAE pathology was further confirmed by adminis-

tration of the microglial suppressors macrophage migration inhibitory factor (MIF) or 

minocycline, which both attenuated EAE symptoms as well.122,123 
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The mentioned EAE studies suggest that microglia mostly play a detrimental role in 

MS pathogenesis. Indeed, it could be easily imagined that microglia adopt a phe-

notype with features of classical macrophage activation that promotes the induction 

of pathogenic CD4+ Th1 or Th17 responses, both of which are strongly implicated 

in MS.124,125 However, because of their versatile nature, microglia may also be able 

to take on a phenotype that is anti-inflammatory and neuroprotective. For exam-

ple, foamy macrophages may, at least partly, originate from microglia and display 

clear anti-inflammatory effector functions, for example by producing high levels of 

the inflammation-limiting chemokine CCL18 and the cortisol-synthesizing enzyme 

11βHSD1.126,127 Therefore, detailed study of the phenotypic and functional properties 

of microglia in NAWM of MS patients may give insights into the events that lead to 

lesion development and lead to strategies to modulate microglial functioning for MS 

therapy. 

4. Aim and scope of the thesis

The principal aim of this thesis was to elucidate the role of HPA-axis activity in the 

clinical and pathological heterogeneity of MS. Specifically, we focused on investigat-

ing indicators of HPA-axis activity and clinical MS progression for their association 

with neuropathology, molecular mechanisms in the NAWM and genetic polymor-

phisms of the GR. In addition, we aimed to characterize microglia, as these cells 

represent a key constituent of CNS immunity that is strongly implicated in MS patho-

genesis and may very well be affected by HPA-axis functioning.

In chapter 2, we investigated to what extent stress-axis regulation in MS patients 

impacts on disease severity, lesion type and gene expression profiles in the NAWM. 

This was done by studying indicators of stress-axis activity and diverse aspects of 

MS pathology, such as lesion pathology and extent of neurodegeneration. HPA-axis 

activity was determined by measuring cortisol in CSF and counting CRH-expressing 

neurons in the PVN of the hypothalamus, whereas neurodegeneration was based 
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on CSF levels of neurofilament heavy-chain (NfH), tau and glutamate. These param-

eters were used to perform an extensive correlative analysis to unravel associations 

of HPA-axis activity with progression and neurodegeneration in MS patients. In ad-

dition, patients with high and low stress-axis activity were compared for the frequen-

cy of active, inactive and remyelinated lesions in the cerebrum, and expression of 

GC-responsive and inflammatory genes in the NAWM. Specific attention was paid to 

potential gender and subtype-related differences in these analyses. 

In chapter 3, we studied the relation of severity of MS, stress-axis responsiveness 

and soluble CD163 (sCD163) with several polymorphisms in the GR gene that are 

associated with altered GC sensitivity. 

In chapter 4, we developed a new procedure for isolation of human microglia from 

post-mortem white and grey matter brain tissue, which omitted the need for adher-

ence and thereby allowed for immediate phenotyping and in vitro testing. We studied 

phenotypic characteristics of human microglia under non-pathologic conditions and 

in the presence of peripheral inflammation. Furthermore, the responsiveness of pri-

mary microglia towards M1 and M2 stimuli was assessed, with specific interest for 

the impact of GC on microglia.

Subsequently, chapter 5 is dedicated to the ex vivo and in vitro characterization of 

primary microglia in NAWM of MS patients, to identify disease-specific alterations in 

microglia phenotypes and immune responsiveness.  

Chapter 6 presents a microarray study to find out whether gene expression in 

NAWM of MS patients is associated with severity of MS and HPA-axis activity. By 

weighted gene co-expression network analysis (WGCNA) and additional approach-

es, gene expression profiles were investigated for molecular pathways that may be 

targeted for MS therapy. 

Chapter 7 discusses the principal findings described in this thesis and states the 

main conclusions that can be drawn from them. In addition, it provides suggestions 

for future research.
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On the whole, the data presented in this thesis indicate that high stress-axis activity 

substantially contributes to suppression of MS disease activity, as reflected by slow-

er disease progression, less destructive lesion pathology and induction of beneficial 

GC–responsive cellular and molecular mechanisms in the NAWM.

IntroduCtIon
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AbsTrAcT

The hypothalamus-pituitary-adrenal (HPA)-axis is activated in most, but not all mul-

tiple sclerosis (MS) patients and is implicated in disease progression and comorbid 

mood disorders. In this post-mortem study, we investigated how HPA-axis activity 

in MS is related to disease severity, neurodegeneration, depression, lesion pathol-

ogy and gene expression in normal-appearing white matter (NAWM). In 42 MS pa-

tients, HPA-axis activity was determined by measuring cortisol in cerebrospinal fluid 

(CSF) and counting hypothalamic corticotropin-releasing hormone (CRH) express-

ing neurons. Degree of neurodegeneration was based on levels of glutamate, tau 

and neurofilament in CSF. Duration of MS and time to EDSS 6 served as indicators 

of disease severity. Glutamate levels correlated with numbers of CRH expressing 

neurons, most prominently in primary progressive MS (PPMS) patients, suggesting 

that neurodegeneration is a strong determinant of HPA-axis activity. High cortisol 

levels were associated with slower disease progression, especially in females with 

secondary progressive MS. Patients with low cortisol levels had greater numbers of 

active lesions and tended towards having less remyelinated plaques than patients 

with high cortisol levels. Interestingly, NAWM of patients with high cortisol levels 

displayed elevated expression of glucocorticoid-responsive genes, such as CD163, 

and decreased expression of pro-inflammatory genes, such as tumor necrosis fac-

tor-α. Thus, HPA-axis hyperactivity in MS coincides with low inflammation and/or 

high neurodegeneration, and may impact on lesion pathology and molecular mech-

anisms in NAWM and thereby be of great importance for suppression of disease 

activity.
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inTroducTion

Multiple sclerosis (MS) is characterized by inflammatory demyelination and axonal 

damage in the central nervous system (CNS), leading to progressive neurological 

decline. Several lines of evidence implicate the hypothalamus-pituitary-adrenal 

(HPA)-axis in MS pathogenesis, disease progression and occurrence of comorbid 

mood disorders.25,89,90,128 Cortisol, the end product of the HPA-axis, is immunosup-

pressive and routinely used in its synthetic form to treat MS relapses.39,92 In the ani-

mal model for MS, experimental autoimmune encephalomyelitis (EAE), rats with low 

HPA-axis responsiveness indeed show higher disease susceptibility and reduced 

recovery rates.93,94 However, clinical studies in MS patients demonstrated elevated 

basal cortisol plasma levels as well as marked HPA-axis hyperactivity in the com-

bined dexamethasone-CRH test.95–99,128  Post-mortem studies also showed chronic 

activation of the HPA-axis in MS, as indicated by enlarged adrenal glands, higher 

cortisol levels in the cerebrospinal fluid (CSF) and increased corticotropin-releasing 

hormone (CRH)-producing neurons co-expressing vasopressin (VP) in the hypothal-

amus.25,100,101 Apparently, hyperactivity of the HPA-axis in MS is not sufficient to pre-

vent disease. Interesting in this respect is that we and others identified MS patients 

with a hypoactive HPA-axis and a very severe clinical course of MS.25,95 In addition, 

we found an inverse correlation between the number of CRH neurons and the num-

ber of active MS lesions in the hypothalamus.25 In line with this, cortisol release in 

the combined dexamethasone-CRH test was reported to be negatively correlated to 

the presence and number of gadolinium-enhancing lesions in MS patients.89 Thus, 

the HPA-axis is generally activated in MS, but patients with a hypoactive HPA-axis 

have particularly severe MS and more active lesions. Based on these findings we 

hypothesize that a hyporesponsive HPA-axis in MS is associated with increased 

susceptibility of normal appearing white matter (NAWM) to develop lesions, en-

hanced inflammatory demyelination, increased neurodegeneration and decreased 

remyelination in MS lesions, resulting in fast disease progression. In addition, mood 

disorders are strongly associated with MS as well as with abnormal functioning of 

the HPA-axis and were found to correlate to the extent of CNS inflammation in MS 

hpa-axIs aCtIvIty, progressIon and pathology of Ms
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Chapter 2

Table 1 Overview of included subjects

NBB no. Sex Age MS/C PMD pH Onset Duration Time to 
EDSS6 Type EDSS Death cause

97-070 f 82 MS 4:30 6.38 59 23 10 PP 8-9 dehydration and kidney failure

98-176 m 83 MS 7:05 6.40 31 52 37 PP 8-9 basal pneumonia

99-056 m 72 MS 8:30 6.91 16 56 14 PP 9 respiratory insufficiency

00-024 f 52 MS 8:25 6.10 30 22 n/a PP 9 pneumonia with respiratory insufficiency

00-124 m 64 MS 7:30 6.84 30 34 13 PP 9 cardiac arrest

01-003 m 69 MS 10:00 6.37 35 34 n/a PP 9 pneumonia

02-025 m 77 MS 4:15 6.25 51 26 25 PP 8-9 cerebral vascular accident

02-055 f 48 MS 5:50 6.63 23 25 9 PP 8-9 legal euthanasia

02-063 f 72 MS 12:00 6.85 59 13 13 PP 8-9 pneumonia

03-020 f 68 MS 7:30 6.30 30 38 34 PP 8 aspiration pneumonia

93-136 f 39 MS 7:00 6.95 36 7 6 SP 4 legal euthanasia

94-122 m 47 MS 6:00 6.84 21 26 n/a SP 9 legal euthanasia

95-057 m 46 MS 8:10 6.95 36 10 9 RR 6 cachexia

96-025 f 34 MS 6:50 6.46 24 10 6 SP 9 airway infection

96-026* f 69 MS 9:15 6.40 44 25 16 SP 9 respiratory insufficiency

96-074* f 40 MS 7:00 6.74 26 14 11 SP 8-9 dehydration

96-076* f 81 MS 4:15 6.93 32 49 44 SP 6 cachexia

96-104 m 72 MS 4:45 6.92 50 22 22 SP 6 carcinoma of bladder and intestine

96-121* f 53 MS 7:15 6.54 35 18 8 SP 9 pneumonia

97-006* f 62 MS 6:45 6.49 33 29 22 SP 9 cardiac asthma

97-077 m 50 MS 5:40 6.20 33 17 10 SP 9 pneumonia

97-123 m 46 MS 3:45 6.55 23 23 6 SP 9 pneumonia

97-160* f 40 MS 7:00 6.33 29 11 8 SP 9 aspiration pneumonia with cardiac decompensation

97-168 f 54 MS 7:00 6.70 17 37 22 SP 9 bronchopneumonia and urinary tract infection

98-009 f 70 MS 6:30 6.30 38 32 n/a SP 9 cardiac arrest

98-158* f 76 MS 14:15 5.93 23 53 24 SP 9 respiratory insufficiency

99-025* f 64 MS 7:45 6.22 29 35 21 SP 9 pneumonia and dehydration

99-051 f 45 MS 10:55 6.62 31 14 n/a SP 9 legal euthanasia

99-054* f 58 MS 8:10 6.30 38 20 13 SP 9 legal euthanasia

99-073* f 71 MS 8:00 6.80 47 24 30 SP 9 pneumonia

99-086* f 71 MS 10:25 6.35 47 24 22 SP 9 respiratory insufficiency

99-109 m 70 MS 6:25 6.28 48 22 7 SP 9 aspiration pneumonia

99-119* f 38 MS 5:15 6.55 28 10 n/a RR 3 cardiac arrest

99-121 m 51 MS 7:50 6.36 22 29 9 SP 9 kidney failure  and cachexia

00-120* f 69 MS 13:20 6.12 43 26 10 SP 9 probable viral infection 

01-018* f 48 MS 8:10 6.55 40 8 7 SP 6.5 legal euthanasia

01-093* f 66 MS 6:20 6.44 23 43 30 SP 9 liver failure due to cancer metastases

01-126* f 80 MS 9:35 6.20 21 59 51 SP 9 acute leukemia

01-130 f 53 MS 10:45 6.86 26 27 16 SP 9 legal euthanasia

01-135 m 43 MS 8:30 6.48 26 17 10 SP 7.5 pneumonia

02-053* f 48 MS 5:50 6.64 27 21 14 SP 8 heart failure

03-014 f 49 MS 5:45 6.43 29 30 23 RR 5 metastasized mamma carcinoma and dehydration

92-037* f 61 C 7:15 7.18 - - - - - cachexia

95-078* f 74 C 6:40 6.70 - - - - - cachexia

96-014* f 54 C 8:00 6.45 - - - - - acute renal failure

96-037* f 80 C 6:15 6.96 - - - - - dehydration

97-068* f 32 C 30:00 n/a - - - - - bronchopneumonia

00-025* f 68 C 5:45 6.97 - - - - - euthanasia

01-069* f 41 C 13:30 n/a - - - - - pulmonary artery hemorrhage
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patients.128 Therefore, we postulate that both hyper- and hypoactivity of the HPA-ax-

is in MS may lead to an increased vulnerability for comorbid depression. To test this, 

42 MS patients were studied for indicators of HPA-axis activity, disease severity 

(time to death and time to EDSS 6), occurrence of depressive episodes and markers 

for neurodegeneration in the CSF (tau, glutamate and neurofilament). Additionally, 

neuropathological characteristics of MS lesions were analyzed and NAWM was in-

vestigated for expression of glucocorticoid-responsive and immune-related genes.  

subjecTs & MeThods

Human brain material and CSF
Hypothalami, NAWM and CSF of subjects (table 1) were provided by the Nether-

lands Brain Bank (NBB), Amsterdam, The Netherlands. Informed consent was ob-

tained for brain autopsy and the use of tissue and clinical information for research 

purposes. Exclusion criteria were death due to sepsis and glucocorticoid treatment 

within 8 weeks prior to death. Clinical diagnoses of MS were confirmed by a neu-

rologist (Prof. C.H. Polman, VUmc, Amsterdam or Dr. S. Luchetti, NIN, Amsterdam, 

The Netherlands). NAWM and hypothalami were dissected at autopsy and either 

snap-frozen or fixed in 4% w/v formaldehyde for 30 days. CSF was taken from the 

lateral ventricles, centrifuged to discard cells and frozen at -80°C. 

Within the NBB framework, MS lesions were evaluated by a neuropathologist 

(Dr. W. Kamphorst, VUmc, Amsterdam, The Netherlands) for demyelination, microg-

lia/macrophage activity and axonal damage using sections (immuno)stained with 

Luxol Fast Blue and Bodian, and for proteolipid protein (PLP) and human leukocyte 

antigen (HLA)-DR.129 These detailed evaluations are documented in neuropatho-

< Table 3 text   NBB no.=Donor registration number of the Netherlands Brain Bank; PM-
D=Post-mortem delay (h); pH=pH value of cerebrospinal fluid; Onset=Age of disease onset 
(years); Duration=Disease duration (years); Type=MS subtype; EDSS=Score at death on the 
Expanded DivWsability Status Scale; PP=Primary progressive MS; RR=Relapsing remitting 
MS; SP=Secondary progressive MS; n/a=not available; *=Included for study of gene expres-
sion in normal appearing white matter.
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logical reports, which were used to quantify different lesions types in tissue blocks 

dissected on macroscopic appearance of MS lesion pathology from periventricular 

and subcortical white matter of the cerebrum. Active lesions were defined as demy-

elination in the presence of lipid-laden (foamy) macrophages. Remyelination was 

identified by a relative decrease in myelin density throughout or around the lesion in 

the absence of foamy macrophages, whereas axonal damage was determined by 

the presence of transected axons. 

Out of 7 patients that died by euthanasia, 6 cases were due to severe MS. 

Subjects studied for gene expression in NAWM are indicated in table 1. Further 

characteristics of these patients are depicted in supplementary table 1. Only the pH 

value of the CSF differed significantly between controls and MS patients with high 

(p=0.011) and low (p=0.012) cortisol. 

Quantification of CRH-producing neurons and cortisol, glutamate, tau and 

neurofilament heavy chain in the CSF
Numbers of CRH expressing neurons in the paraventricular nucleus (PVN) were 

quantified in fixed tissue as described in detail previously.25 In short, serial 6 µm 

frontal sections were cut on a microtome. Delineation of the PVN was determined 

in thionine-stained sections. During the CRH staining sessions, paired series of MS 

and control subjects were run together, and a section from a previous session was 

included to check consistency of the staining sensitivity.

Each 100th section through the PVN was stained for CRH. Neurons that 

showed a nucleolus and expressed CRH were counted blinded. The total number 

of CRH expressing neurons in the PVN was calculated on the basis of cell counts 

and the distance between the sections. Examples of PVN sections stained for CRH 

are shown in supplementary figure 1. Cortisol was measured by radioimmunoassay 

(Diagnostic Products Corporation, Los Angeles, CA, USA). Enzyme-linked immuno-

sorbent assay (ELISA) was used to measure total tau concentrations (INNOTEST® 

hTAUAgW; Innogenetics, Ghent, Belgium). Neurofilament heavy chain (NfH) levels 

were determined with an ELISA as described elsewhere.130 and glutamate levels 

were measured with an enzymatic assay using spectrophotometry.131
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Analysis for life time occurrence of a mood disorders
Post-hoc analysis for the lifetime occurrence of an mood disorder (i.e. depressive 

episode) was performed by a psychiatrist in-training (Dr. S.J. de Wit). Insufficient 

documentation was available for diagnosis according to standardized criteria. There-

fore, the clinical files of the NBB were examined for depressive symptoms, the use 

of anti-depressants, diagnoses by mental healthcare professionals and reported sui-

cide attempts in our study population. This information was used to determine an 

evidence score for the lifetime occurrence of an mood disorder as follows: 0=no de-

pressive symptoms mentioned; 1=depressive symptoms mentioned, but not enough 

evidence for a mood disorder; 2=possible mood disorder (start anti-depressant med-

ication around mentioned start or worsening of depressive symptoms, or suicide 

attempt); 3=probable mood disorder (diagnosis of depressive episode reported by a 

mental health care professional).   

RNA isolation, cDNA synthesis and quantitative real-time PCRs
Series of 10 cryostat sections (20 µm each) of subcortical NAWM were homoge-

nized in Trizol. Sections preceding and following these series were stained for PLP 

(Serotec, Oxford, UK) and HLA-DP, -DQ, -DR (DakoCytomation, Glostrup, Denmark) 

to confirm the absence of MS lesion pathology. RNA isolation and assessment of 

its quality by RNA integrity number (RIN) was performed as described previously.132 

Synthesis of cDNA was done with the Quantitect Reverse Transcription Kit (Qiagen, 

Hilden, Germany) according to the manufacturer’s protocol. Quantitative real-time 

polymerase was performed and analyzed as described elsewhere, with minor ad-

aptations.129 The amount of cDNA used per reaction was based on an input of 5 ng 

original RNA in a final volume of 20 µl. Primers used for qPCR are shown in supple-

mentary table 1. 

Statistical analysis
In all analyses, patients with secondary progressive MS (SPMS; n=30) and relapsing 

remitting (RR) MS (n=3) were considered as one group, as they represent phases 

of the same MS type. 

hpa-axIs aCtIvIty, progressIon and pathology of Ms
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Correlations were calculated using the Spearman’s non-parametric correlation, 

except for those between glutamate, tau and NfH, which were corrected for possible 

confounding effects of post-mortem delay (PMD) by partial correlation analysis. For 

analysis of neuropathological characteristics and gene expression, Kruskal-Wallis 

tests were performed to compare more than 2 patient groups and Mann-Whitney 

tests were performed for pair-wise comparisons of patient groups. Evidence scores 

for lifetime occurrence of a mood disorder were analyzed using Fisher’s exact test. 

Correlation coefficients were interpreted as follows: r<0.1: no correlation; 0.1<r<0.3: 

weak correlation; 0.3<r<0.5: moderate correlation; r>0.5: strong correlation. Inferen-

tial statistics are intended to be exploratory (hypotheses generating), not confirma-

tory, and are interpreted accordingly. The local significance level was set to 0.05. No 

adjustment for multiple testing was performed. Therefore, an overall significance lev-

el is not determined and cannot be calculated. The local significance level was set to 

0.05. We used SPSS software version 24 (IBM, Armonk, NY, USA) for all analyses. 

resulTs

Age was higher in primary progressive MS (PPMS) than in SPMS patients (median 

± interquartile range=70.7±17.3 and 53±23.8 years, respectively; p=0.013). PMD 

correlated with levels of glutamate (r=0.553, p<0.001), tau (r=0.384, p=0.017) and 

NfH (r=0.468, p=0.003) in CSF, but not with any other parameter. Furthermore, pH 

did not correlate with any of the CSF parameters, including cortisol. Age correlated 

strongly with duration of MS (r=0.645, p<0.001), time to score 6 on the Expanded 

Disability Status Scale (EDSS; r=0.675, p<0.001) and moderately with cortisol levels 

(r=0.391, p=0.010).

Duration of MS strongly correlates to time to EDSS 6
First, we investigated whether disease duration is a reliable indicator of MS severity. 

Duration of MS is defined as time between disease onset and death and showed a 

moderate negative correlation with age of disease onset (r=-0.340, p=0.028). How-
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ever, duration of MS correlated strongly with time to EDSS 6 (r=0.745, p <0.001), 

which did not show a correlation with age of disease onset. This indicates that dis-

ease duration and time to EDSS 6 are reliable indicators of disease severity in this 

cohort. In all further analyses, total disease duration was used as the main param-

eter for disease severity, since data on time to EDSS 6 were not available for 14% 

of the patients. 

Cortisol levels in CSF correlate with numbers of CRH-producing neuron and 

indicators for disease severity
Numbers of CRH expressing neurons correlated with cortisol levels (r=0.356, 

p=0.021; table 2). In addition, cortisol was correlated to disease severity, as we 

found that its levels in CSF correlated moderately with disease duration (r=0.378, 

hpa-axIs aCtIvIty, progressIon and pathology of Ms

Depicted are coefficients and p-values of Spearman’s rank correlations and numbers of pa-
tients per group. Note the strong correlation of cortisol with disease duration and time to EDSS 
6 in females with SPMS.

Table 2 Correlations between indicators of HPA-axis activity and severity of MS

Correlation All subtypes n SPMS n PPMS n

All subjects

Cortisol – CRH 0.356 (p=0.021) 42 0.415 (p=0.018) 32 0.309 (p=0.385) 10

Cortisol – Duration 0.378 (p=0.014) 42 0.412 (p=0.019) 32 0.267 (p=0.455) 10

Cortisol – Time to EDSS 6 0.283 (p=0.095) 36 0.397 (p=0.036) 28 0.084 (p=0.844) 8

Females

Cortisol – CRH 0.351 (p=0.062) 29 0.383 (p=0.065) 24 -0.100 (p=0.873) 5

Cortisol – Duration 0.507 (p=0.005) 29 0.556 (p=0.005) 24 0.200 (p=0.747) 5

Cortisol – Time to EDSS 6 0.477 (p=0.016) 25 0.512 (p=0.018) 21 0.400 (p=0.600) 4

Males

Cortisol – CRH 0.280 (p=0.354) 13 0.405 (p=0.320) 8 0.600 (p=0.285) 5

Cortisol – Duration 0.025 (p=0.936) 13 -0.434 (0.283) 8 -0.564 (p=0.322) 5

Cortisol – Time to EDSS 6 -0.037 (p=0.915) 11 0.164 (p=0.726) 7 -0.800 (p=0.200) 4
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p=0.014), which was most pronounced in female SPMS patients (r=0.556, p=0.005). 

Along with this, cortisol and time to EDSS 6 correlated most strongly in females with 

SPMS (r=0.512, p=0.018). This demonstrates that low cortisol levels are associated 

with fast disease progression that occurs in severe MS. 

Glutamate in CSF correlates with numbers of CRH-producing neurons and tau 

levels
To investigate whether HPA-axis activity in MS was related to neurodegeneration, 

markers of neuronal pathology in CSF were correlated to numbers of CRH express-

ing neurons in the PVN. Levels of glutamate correlated with numbers of CRH ex-

pressing neurons (r=0.331, p=0.034), which was most manifest in PPMS patients 

(r=0.745, p=0.013; table 3). Levels of glutamate and tau correlated moderately to 

each other (r=0.490, p=0.002), which was also most prominent in PPMS patients 

(r=0.876, p=0.004). No correlations were present between cortisol levels and mark-

ers for neurodegeneration in CSF. 

Increase of active lesions and reduction of remyelinated lesions in patients 

with low cortisol and severe MS
The median cortisol level (236 nmol/l) was used to objectively divide the patient 

population into two subgroups (figure 1A), allowing comparison of groups for in-

dicators of neuronal pathology in CSF and MS neuropathology that might reveal 

associations with HPA-axis responsiveness. For analysis of lesion characteristics, 3 

patients were excluded from analysis due to unavailability of required neuropatho-

logical information.

Proportions of SPMS and PPMS patients did not differ between the two groups 

according to Fisher’s exact test (p=1.000). No differences were present for levels 

of glutamate, tau and NfH between patients with high and low cortisol (p=0.197, 

p=0.686 and p=0.435 respectively). Also, total numbers of MS lesions found in ce-

rebral tissue blocks dissected for the appearance of macroscopically detectable MS 

lesions did not differ between the groups (p=0.444; mean ± SEM: 19.3±3.4 in pa-

tients with low cortisol and 13.9±2.0 in patients with high cortisol). Percentages of 
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active lesions were higher in patients with low cortisol (p=0.030; figure 1B), while in 

patients with high cortisol there was trend towards a significantly higher percentage 

of lesions with signs of remyelination in (p=0.084; figure 1C). No differences were 

present in percentages of inactive lesions (p=0.531; figure 1D) and lesions with 

axonal damage (p=0.967; data not shown). When analyzed for patients with rela-

tively severe MS (i.e. a total disease duration shorter than the population median of 

24.5 years), the patients with low cortisol had markedly higher percentages of active 

lesions (p=0.002) as well as strongly reduced percentages of lesions with signs of 

remyelination (p=0.001) compared to patients with high cortisol. 

A moderate to strong negative correlation was present between percentages 

of active lesions and cortisol (r=-0.316, p=0.050), duration of MS (r=-0.414, p=0.009) 

and time to EDSS 6 (r=-0.521, p=0.002), further substantiating the latter two pa-

rameters as indicators for disease severity. Percentages of lesions with signs of 

remyelination correlated moderately with time to EDSS 6 (r=0.437, p=0.010) and 

hpa-axIs aCtIvIty, progressIon and pathology of Ms

Table 3   Correlations between parameters of neuronal pathology and HPA-axis activity

Depicted are coefficients and p-values of Spearman’s rank correlations and numbers of pa-
tients per group. Note the strong correlation of glutamate with numbers of CRH expressing 
neurons and with tau in patients with PPMS.

Correlation All subtypes n SPMS n PPMS n

All subjects

Glutamate – CRH 0.331 (p=0.034) 41 0.277 (p=0.132) 31 0.745 (p=0.013) 10

Tau – glutamate 0.490 (p=0.002) 38 0.352 (p=0.066) 29 0.876 (p=0.004) 9

Tau – NfH 0.466 (p=0.004) 38 0.587 (p=0.001) 29 0.366 (p=0.372) 9

Females

Glutamate – CRH 0.443 (p=0.018) 28 0.426 (p=0.043) 23 0.700 (p=0.188) 5

Tau – glutamate 0.568 (p=0.003) 26 0.320 (p=0.169) 21 0.967 (p=0.033) 5

Tau – NfH 0.347 (p=0.090) 26 0.621 (p=0.004) 21 0.474 (p=0.526) 5

Males

Glutamate – CRH -0.143 (p=0.642) 13 -0.524 (p=0.183) 8 0.600 (p=0.285) 5

Tau – glutamate -0.235 (p=0.487) 12 -0.349 (p=0.443) 8 0.316 (p=0.796) 4

Tau – NfH 0.899 (p<0.001) 12 0.711 (p=0.073) 8 0.967 (p=0.163) 4
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Figure 1   Analysis of neuropathological evaluations of MS lesions. (A) Scatter plot of MS 
duration and post-mortem cortisol levels in cerebrospinal fluid, depicting two groups defined 
by the median cortisol level. (B-D) Overview per subgroup of the percentages of macroscop-
ically dissected cerebral lesions exhibiting various neuropathological features as described
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negatively with percentages of lesions with axonal damage (r=-0.361, p=0.024). Ex-

amples of lesions as typically observed in patients with high and low CSF cortisol 

levels are depicted in figure 1E-J.

No association between HPA-axis activity and lifetime occurrence of mood 

disorders
We also investigated our study population for lifetime occurrence of a mood disor-

der, which is a frequent co-morbidity in MS and associated with hyperactivity of the 

HPA-axis.128,133,134 Again, the median cortisol level was used to objectively divide the 

study population into a group with low and high HPA-axis responsiveness. Though 

depressive symptoms were reported for 20 out of all 42 patients, no differences were 

found between the groups with high and low HPA-axis responsiveness for propor-

tions of individuals with the respective evidence scores for lifetime occurrence of a 

mood disorder (p=0.416; proportions in the group with low HPA-axis responsiveness 

were 5%, 14%, 24% and 57% for score 0 to 3 respectively; proportions in the group 

with high HPA-axis responsiveness were 24%, 14%, 14% and 48% for score 0 to 3 

respectively). 

Glucocorticoid-associated gene expression profiles in NAWM of MS
Finally, we studied gene expression in NAWM of female patients only, considering 

that cortisol and duration of MS correlated most strongly in females and thereby en-

suring homogeneity of our sample. Subcortical NAWM was obtained for 20 female 

MS patients, which were separated into a high and a low cortisol group by the medi-

in the pathological reports of the NBB (n=19 for donors with low cortisol; n=20  for donor with 
high cortisol). y=years. (E–J) Lesions as typically seen in patients in the studied popula-
tion: (E) Klüver and (F) HLA-DP-DQ-DR staining of a chronic active lesion containing large 
amounts foamy macrophages representative for plaques most frequently observed in patients 
with low cortisol; (G) Klüver and (H) HLA-DP-DQ-DR staining of a remyelinated lesion as 
typically observed in patients with high cortisol. (I) Klüver and (J) HLA-DP-DQ-DR staining 
of a chronic inactive lesion more typically observed in patients with high cortisol. Scale bar 
represents 100 μm for inset pictures and are demarcated by red dotted lines in pictures made 
at a lower magnification, in which scale bars represent 500 μm

hpa-axIs aCtIvIty, progressIon and pathology of Ms

< Figure 1 legend continued
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Figure 2   Cortisol-related gene expression in NAWM of MS patients. Gene expression 
was determined by qPCR analysis. *p<0.05; **p<0.01; ***p<0.001
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an value for this parameter for objective group-wise comparison for cortisol-associ-

ated gene expression. No differences between the groups were present for RIN. Tar-

get genes were selected for glucocorticoid-responsiveness and/or a prominent role 

in CNS inflammation, immunoregulation or neuroprotection (see also supplementary 

table 2). Expression of the established glucocorticoid-responsive molecules CD163 

and annexin A1 (ANXA1), as well as adrenomedullin (ADM), was indeed elevated 

in patients with high cortisol levels compared to those with low cortisol levels and 

controls (figure 2). In line with this, cortisol levels correlated with CD163 (r=0.584, 

p=0.009) and ADM (r=0.558, p=0.011) mRNA levels. In addition, MS patients in the 

high cortisol group had significantly decreased levels of the pro-inflammatory cy-

tokines interferon-gamma (IFNγ) and TNFα, which both correlated negatively with 

cortisol (respectively r=-0.763, p=0.001; r=-0.699, p=0.011). 

Expression of leukemia inhibitory factor (LIF), a molecule that promotes oli-

godendrocyte survival, was elevated in high cortisol MS patients, and correlated to 

cortisol (r=0.608, p=0.007). Expression of immunosuppressive molecules such as 

CX3CR1, CD200 receptor (CD200R) and signal-regulatory protein alpha (SIRPα), 

as well as the cortisol producing enzyme 11β-hydroxysteroid dehydrogenase type 

1 (11βHSD1), was increased in patients with low cortisol levels, and correlated in-

versely with cortisol (respectively r=-0.664, p=0.001; r=-0.549, p=0.015; r=-0.516, 

p=0.020; r=-0.537, p=0.020). Negative correlations with disease duration were pres-

ent for expression of IFNγ (r=-0.694, p=0.003), CD200R (r=-0.555, p=0.014) and 

IL-1b (r=-0.526, p=0.017). Disease duration correlated positively with LIF (r=0.624, 

p=0.006) and, with a trend towards significance, ADM (r=0.398, p=0.082).

discussion

In this post-mortem study we confirmed earlier findings that low HPA-axis activity in 

MS is associated with increased disease severity. In addition, this study shows that 

low cortisol levels are clearly associated more active MS lesions and tended to have 

less remyelination. Moreover, in patients with high HPA-axis activity, gene expres-
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sion profiles in the NAWM were partially cortisol related and less inflammatory, more 

neuroprotective and permissive for remyelination. These data suggest that HPA-axis 

activation as generally observed in MS patients may directly impact on lesion activity 

and molecular mechanisms in NAWM, thereby reducing disease severity. Addition-

ally, HPA-axis hyperactivity in MS may also coincide with high levels of neurodegen-

eration, whereas the opposite holds true for low HPA-axis activity. Interestingly, a 

recent study showed acute MS relapses to be associated with a decrease of cortisol 

levels in CSF, but not in serum, implying that cortisol levels in CSF are a more accu-

rate indicator of actual concentrations in the brain parenchyma and directly relate to 

MS disease activity.126

For two reasons we analyzed NAWM rather than MS lesions for gene expres-

sion. Firstly, mRNA expression profiles in MS lesions likely reflect the severity of 

inflammation and neuronal damage and could therefore possibly overrule glucocor-

ticoid-related effects. More importantly, assessing gene expression in NAWM would 

give us a first indication of the extent to which HPA-axis activity in MS may play a role 

in (preventing) the initiation of new MS lesions. Several of the genes that were up-

regulated in NAWM in relation to cortisol contain a glucocorticoid response element 

(GRE), such as ADM and CD163. Production of ADM occurs in cerebral endothelial 

cells and astrocytes and through autocrine signaling at the endothelium decreases 

blood-brain-barrier permeability. Moreover, ADM has anti-apoptotic effects on neu-

rons and was reported to inhibit the pro-inflammatory transcription factor NF-κB in 

macrophages.135–137 Expression of CD163 is restricted to myeloid immune cells and 

is strongly induced by glucocorticoids in cultured macrophages and microglia and in 

vivo even in monocytes in human subjects.138–140 The functional roles  of CD163 are 

manifold. It is able to serve as a scavenger receptor for free hemoglobin, thereby 

preventing its toxic effects in tissue.141,142 Moreover, it is thought to have immunomod-

ulatory effects by down-stream signaling and as a soluble molecule after proteolytic 

cleavage.138,143,144 In line with this, elevated soluble CD163 levels were reported in 

plasma of MS patients and were negatively correlated to cytokine levels.143 Together, 

these data suggest that high cortisol production by the HPA-axis induces expression 

of molecules that may have beneficial effects on pathogenic events in MS, such as 
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macrophage and microglia activation, and compromised blood-brain barrier integrity. 

The actual presence of enhanced glucocorticoid-induced signaling in NAWM of 

MS patients with high cortisol is indicated by increased expression of ANXA1, which 

is a key downstream mediator of anti-inflammatory effects of glucocorticoids.145 

Moreover, high cortisol levels in CSF were associated with decreased expression 

in NAWM of the pro-inflammatory cytokines IFNγ and TNFα, which are both well-

known targets of glucocorticoid-induced immunosuppression through NF-κB.146 

Expression levels of IFNγ and TNFα in NAWM in control subjects were equal to 

those in MS patients with low cortisol, though the latter suffer from an inflammatory 

condition and may therefore be expected to display enhanced cytokine expression. 

One explanation for this finding is that no activate inflammation is present in NAWM. 

Moreover, our group showed in a previous study that expression profiles in control 

white matter of IFNγ, TNFα and IL-1β were similar to those in NAWM of MS patients, 

even when measured directly adjacent to active and inactive MS lesions.132 

The NAWM of MS patients with high cortisol levels also had decreased mRNA 

levels of the inflammatory chemokine CX3CL1 and its neuroprotective receptor CX-

3CR1, which are both negatively regulated by glucocorticoids and play an important 

role in neuroinflammation by promoting leukocyte recruitment from the periphery 

and simultaneously suppressing microglial neurotoxicity.147,148 

Interestingly, high cortisol levels and long disease duration were also associ-

ated with increased expression of LIF, which can be expressed by astrocytes and 

myelin-specific T cells and limits demyelination in EAE and MS by promoting oligo-

dendrocyte survival and proliferation of oligodendrocyte progenitors, while inhibiting 

T helper 17 cell differentiation.149–153 Moreover, LIF modulates HPA-axis responsive-

ness to inflammation, by reducing GR-mediated negative feedback in the hypothal-

amus and pituitary.154

A notable finding in NAWM of MS patients with low cortisol levels is the in-

crease in expression of 11βHSD1, which enhances local glucocorticoid signaling 

by reduction of cortisone into cortisol. Therefore, increased expression of 11βHSD1 

may reflect a compensatory mechanism for the limited cortisol availability in these 

subjects, in line with a study by Heidbrink et al.126 Likewise, the NAWM of the same 
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patients displayed higher mRNA levels of the macrophage inhibitory molecules 

CD200R and SIRPα, possibly to compensate for inadequate glucocorticoid-mediat-

ed immunosuppression. Together, these data suggest that high cortisol levels in the 

CNS through various mechanisms renders NAWM less vulnerable for development 

of new MS lesions.

Analysis of MS neuropathology in macroscopically dissection tissue blocks in-

dicated that HPA-axis hyperactivity also impact on lesion activity and remyelination, 

as high cortisol levels in CSF were associated with lower percentages of active 

lesions and increased amounts of remyelinated plaques. No differences were found 

for percentages of plaques with axonal damage, though it could have been expect-

ed that the presence of more active inflammation would be associated with axonal 

pathology. However, axonal injury in MS lesions was found to be independent of 

demyelinating activity and to be correlated primarily to numbers of macrophages 

and CD8+ T cells.35 

In PPMS patients, glutamate strongly correlated with HPA-axis activity. Indeed, 

glutamate, when present in the CSF or in glutamatergic projections, can activate the 

HPA-axis through direct binding to various glutamate receptors on CRH-producing 

neurons in hypothalamus.155–158 A prominent positive correlation between tau and 

glutamate was present in patients with PPMS, which suggests that CSF glutamate is 

related to neurodegeneration and reflects widespread neuronal damage associated 

with this type of MS.159 This may imply that cortisol induces neurodegeneration or, 

vice versa, that neurodegeneration drives HPA-axis activity. It has been described 

that cortisol may cause neuronal damage, but this has not unequivocally been prov-

en in humans.160,161 Conversely, high levels of neurodegeneration in MS were report-

ed to be associated with the presence of gene alleles that lead to high glutamate 

levels.24 Thus, glutamate levels in CSF more likely reflect MS pathology and would 

therefore be a major determinant of HPA-axis activity in PPMS rather than a conse-

quence of cortisol-induced neurodegeneration. 

In some MS patients in our study, low cortisol levels did not coincide with fast 

disease progression, whereas in others fast disease progression occurred in the 

presence of high cortisol levels (see also figure 1A). Changes in cortisol sensitivity 

Chapter 2



45

due to genetic polymorphisms in the GR might account for these observations. How-

ever, we did not find any differences in these patients for frequencies of five different 

GR haplotypes associated with altered glucocorticoid sensitivity (data not shown).162 

Apparently, multiple factors beside glucocorticoids determine MS severity.

In disagreement with previous studies, we did not find an association of corti-

sol levels with lifetime occurrence of a mood disorder.163 However, this relation may 

be hard to find in our population due to the fact that patients with HPA-axis hyper-

responsiveness were compared to a group of patients that besides extremely low 

cortisol levels had very severe disease, which probably made them more inclined to 

have depressive symptoms as well. Importantly, retrospective assessment of psy-

chiatric symptoms in post-mortem studies was reported to be a reliable approach to 

determine lifetime occurrence of depression.164 On the other hand, HPA-axis activity 

was found to normalize after remission of depression and the retrospective clinical 

data in the patient files concerning depression should be considered with caution, 

which may explain why post-mortem indicators of HPA-axis activity do not relate to 

lifetime occurrence of depression in our study population.165 

Post-mortem cortisol levels in CSF are about 20-fold higher than those deter-

mined in living patients, which results from HPA-axis responsiveness to the phys-

iological process of dying.101,166 Importantly, the mild but significant correlation be-

tween cortisol levels and numbers of CRH positive neurons in the PVN clearly show 

that both parameters assessed post-mortem indeed reflect HPA-axis activity during 

life. This is also evident from the finding that post-mortem cortisol levels in CSF 

strongly correlate with ante-mortem levels in CSF and serum in control subjects and 

MS patients.101,166 Also, PMD and pH value did not correlate with cortisol levels and 

had therefore no confounding effects. 

The validity of disease duration as an indicator for severity of MS is confirmed 

by its strong correlation with time to EDSS 6, which is a widely accepted measure of 

MS severity.162,167 We also studied the extensive clinical files of the brain donors for 

clinical symptoms in their final years. These files confirmed that many MS patients 

of our study group died due to causes directly related to severe MS, such as legal 

euthanasia and pneumonia, which makes it more likely that disease duration does 
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reflect MS severity. Moreover, duration of MS and time to EDSS 6 both correlated 

to percentages of active lesions, showing that both parameters are also associated 

with pathological correlates of MS disease severity. 

Gender differences in MS are well recognized.168,169 This study indicates that 

HPA-axis regulation in MS might also be gender-specific, as correlations between 

cortisol levels and indicators of disease severity were more prominent in female 

patients and absent in the male patient group. However, the fairly small sample size, 

especially of males, warrants verification of these findings in larger populations. 

Several clinical studies reported an absent relation between HPA-axis activity 

and disease duration.89,96,99 Since these observations were done in living patients, 

MS duration does not reflect the overall rate of disease progression in these studies. 

Importantly, patients with particularly severe MS may, due to their disability, be less 

inclined to participate in these studies and thus be underrepresented in these data. 

Our findings also seem to contradict reports that high HPA-axis responsiveness in 

MS patients is predictive for fast disease progression and associated with cognitive 

and neurologic disability.90,96 However, observations made in those studies may very 

well reflect HPA-axis activation due to a high rate of neurodegeneration early in the 

disease course, which is associated with rapid neurological decline during follow-up.

The cause of low HPA-axis responsiveness in some MS patients is not clear. 

Experimental studies show that disease progression is known to be strongly associ-

ated with a specific desensitization of the HPA-axis to pro-inflammatory cytokines.94 

Many of the aforementioned studies applied the combined dexamethasone-CRH 

test to determine HPA-axis functioning in MS, which does not give information on re-

sponsiveness of CRH neurons to inflammatory mediators. Clearly, there are ethical 

and practical limitations to assessment of HPA-axis responsiveness to inflammation 

in MS patients. However, patients that fail to produce adequate cortisol levels in 

response to the inflammatory component of MS might be at particular high risk for 

rapid neurological decline.22 Therefore, finding appropriate ways to evaluate MS pa-

tients for HPA-axis responsiveness to inflammation might be of considerable prog-

nostic relevance. 
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Supplementary figure 1   Representative immunostainings used for counting CRH pro-
ducing neurons. Immunostaining for CRH in the periventricular nucleus (PVN) of the hy-
pothalamus in a subject with only low (left panel) and high (right panel) numbers of positive 
neurons. Sections are taken from identical levels in the PVN. 
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Supplementary figure 2   Non-regulated genes in NAWM of MS patients. Gene expres-
sion was determined by qPCR analysis. *p<0.05; **p<0.01; ***p<0.001
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Median IQR Median IQR Median IQR
Age (y) 61 41.0-71.0 55 46.0-69.0 70.5 59.8-77.0
MS type (SP/PP) - - 9/1 - 9/1 -
MS duration (y) - - 20.5 10.8-28.3 26.5 21.8-45.5
Cortisol (nmol/L) - - 100 29-178 472 310-662
PMD (h:m) 8:00 5:45-13:30 8:00 5:40-8:40 7:05 6:27-9:47
pH CSF 7 6.5-7.1 6.4 6.2-6.6 6.4 6.3-6.6
RIN 7.4 7.1-8.4 8 6.6-8.4 7.7 6.7-7.9

Controls (n=7) MS low cortisol (n=10) MS high cortisol (n=10)

Characteristics of patients included for study of gene expression in normal-appearing white 
matter. RIN=RNA integrity number; IQR=interquartile range.

Gene NCBI database no. Primer sequence forward Primer sequence reverse

CD163 NM_004244.5 AAGACGCTGCAGTGAATTGCA GGATCCCGACTGCAATAAAGGAT
IL10 NM_000572.2 TGCCTTCAGCAGAGTGAAGACTT TCCTCCAGCAAGGACTCCTTTA
TNF NM_000594 ATGTCCCAAGACAAGGGCAAGA GGGCAGTCAATGGTCAGATATTGA
IL1B NM_000576.2 CCAGCTACGAATCTCGGACCACC TTAGGAAGACACAAATTGCATGGTGAAGTC
IFNG NM_000619 GCAAGATCCCATGGGTTGTGT CTGGCTCAGATTGCAGGCATA
HLA-DR NM_019111.4 CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT
C1QB NM_000491 CCGCTTCGACCACGTGAT AGTAGAGACCGGGCACCTT
C3 NM_000064 CGGACGGTCATGGTCAACAT ATGTCCCAAGACAAGGGCAAGA
CD55 NM_00574 GGGCAGTCAATGGTCAGATATTGA GGCTGTTTGAGGGATGCAGAAT
CD3 NM_000733 AAGCAAACCAGAAGATGCGAACTT CCAGTGATGCAGATGTCCACTATGA

BDNF NM_001143816.1 AAAAGGCATTGGAACTCCCAG GCCAGCCAATTCTCTTTTTGC
LIF NM_002309.4 ATGAACCAGATAGGAGCCAACT CCACATAGCTTGTCCAGGTTGTT
ADM NM_001124.1 ATGAACCAGATCAGGAGCCAAC CTGCTGGACATCCGCAGTT

GR NM_001018077 GGATCCCGACTGCAATAAAGGAT CAACCGATCCACCTCACCTT
ANXA1 NM_000700.1 TGAAGTGCGCCACAAGCAA GCCTTATGGCGAGTTCCAACA
HSD11B1 NM_005525.3 ATGGGTTCTTCTCCTCCATC TATCCCAGAAACTGCCTTCA
HSD11B2 NM_000196.3 CCAAACCAGGAGACATTAGCC CAGCTCCGCATCAGCAACTA

CX3CL1 NM_002996 CAGGCCACAAGACCCTTGT GCCCAGCCTCAGGAAAGAAT
CX3CR1 NM_001337 TTGGCCTGGTGGGAAATTTGT AGGAGGTAAATGTCGGTGACACT
CD200 NM_005944.5 CCAGGAAGCCCTCATTGTGA TCTCGCTGAAGGTGACCATGT
CD200R NM_138806 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA
CD47 NM_001777 ATGGAGCTCTAAACAAGTCCACTGT TGTGAGACAGCATCACTCTTATCCAT
SIRPα NM_080792 GTCTGGAGCAGGCACTGA GGACTCGCAGGTGAAGCT
TREM2 NM_018965.3 CCACCCACTTCCATCCTTCT GTCCCTGGCTTCTGTCCAT

Related to immunoregulation

Related to neuroprotection

Related to glucocorticoid signaling

Related to inflammation

Supplementary table 1   Characteristics of subjects studied for gene expression in NAWM

Supplementary table 2   Sequences of primers used for qPCR
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AbsTrAcT

High cortisol production in multiple sclerosis (MS) is associated with suppressed 

disease activity. Cellular effects of cortisol are primarily mediated by the glucocorti-

coid (GC) receptor (GR). Therefore, GR polymorphisms associated with altered GC 

sensitivity may affect MS disease activity by changing inhibition of the hypothala-

mus–pituitary–adrenal (HPA)-axis and/or immunosuppression. GC-induced immu-

nosuppression of microglia and macrophages coincides with increased expression 

of CD163, which is shed at elevated rates in MS. In this post mortem study, we 

investigated whether GR haplotypes are related to MS disease course and levels 

of cortisol and soluble CD163 (sCD163) in CSF. In total 137 MS brain donors were 

genotyped for five GR polymorphisms (9β, ER22/23EK, Tth111I, BclI and N363S). 

Cortisol and sCD163 levels in CSF were determined by radioimmunoassay and en-

zyme linked immunosorbent assay, respectively. A more aggressive disease course 

defined by disease duration and time to Expanded Disability Status Scale 6 (EDSS 

6),  was associated with GR haplotypes (p=0.006) that confer increased GC sensitiv-

ity. Cortisol and sCD163 levels in CSF correlated to each other (r=0.494, p < 0.001), 

but did not differ between GR haplotype carriers. From this, we conclude that GR 

haplotypes conferring high GC sensitivity coincide with more aggressive MS but do 

not affect cortisol secretion by the HPA-axis or CD163 shedding. 

Chapter 3



53

inTroducTion

Accumulating evidence indicates that the clinical course of multiple sclerosis (MS) 

is strongly affected by cortisol, the main endogenous glucocorticoid (GC) hormone, 

which is released by the adrenal glands as final product of hypothalamus–pituitary–

adrenal (HPA)-axis activity.89,170 While several studies show that the HPA-axis is gen-

erally activated in MS, we and others found that patients with a hypoactive HPA-axis 

have particularly severe MS and more active lesions.25,89,91,95–97 In post-mortem co-

horts, we identified a negative correlation between the number of corticotropin-re-

leasing hormone (CRH)-expressing neurons and the number of active lesions in 

the hypothalamus of MS patients.25 Moreover, high post-mortem levels of cortisol 

in cerebrospinal fluid (CSF) were associated with a more benign disease course, 

lower amounts of active lesions, and increased numbers of remyelinated plaques 

in the cerebrum of MS patients.170 In addition, neurodegeneration was found to be 

a strong determinant of HPA-axis activity. Notably, the same study indicated that 

normal-appearing white matter (NAWM) of patients with high cortisol and slow dis-

ease progression displayed elevated expression of GC-responsive and protective 

genes, such as CD163, and decreased expression of pro-inflammatory genes, such 

as tumor necrosis factor-α (TNFα). Thus, cortisol hypersecretion by the HPA-axis 

in MS coincides with low inflammation and/or high neurodegeneration, while it may 

impact on lesion pathology as well as molecular mechanisms in NAWM and thereby 

suppress disease activity. Consequently, MS patients may benefit from genetic pre-

dispositions associated with enhanced GC sensitivity of the immune system and/or 

low GC-mediated inhibition of the HPA-axis. 

The cellular effects of GC are mediated by the GC receptor (GR), which exerts 

it immunomodulatory effects through transcriptional regulation via protein–protein 

interactions with transcription factors, such as NF-κB, and by binding to conserved 

DNA motifs in gene promoter regions known as a GC-response elements.171 The GR 

is encoded by a gene (NR3C1) on chromosome 5q31–33, and is a member of the 

nuclear  receptor subfamily 3. Various genetic polymorphisms of the GR have been 

described: N363S (rs6195), ER22/23EK (rs6189 and rs6190),) BclI (rs41423247), 9β 
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(rs6198) and Tth111I (rs10052957). The N363S (rs6195) and ER22/23EK (rs6189 

and rs6190) polymorphisms are located in the transactivation domain of the GR 

gene and are associated with, respectively, increased and reduced GC sensitivity in 

vitro and in vivo, as determined by the dexamethasone suppression test (DST).172–175 

It has been reported that the Tth111I polymorphism is not functional, as no differenc-

es were found in cortisol values at baseline or after DST, though another study found 

that homozygous carriers of the Tth111I minor allele showed higher total and evening 

cortisol values with a trend for elevated diurnal cortisol levels.176,177 Carriers of the 

ER22/23K polymorphism by definition also had the minor Tth111I allele and showed 

less cortisol suppression after DST compared to the carriers of the Tth111I minor 

allele only.178 The 9β polymorphism leads to more stable expression of the GRβ 

and may thereby decrease GC sensitivity.179 The BclI polymorphism is associated 

with increased GC sensitivity, as elderly carriers of the minor allele have lower corti-

sol levels after DST.180 Together, these polymorphism make up 6 haplotypes, some 

of which are associated with altered GC sensitivity.174,177 MS patients carrying the 

Tth111I-ER22/23EK-9β haplotype, which is associated with decreased GC sensitiv-

ity, were found to be have a more aggressive disease course.23 GR polymorphisms 

were also shown to be associated with disease severity and/or susceptibility in other 

autoimmune disorders, such as rheumatoid arthritis and Crohn’s disease.181,182 

In vitro, GC induce in microglia and macrophages an anti-inflammatory pheno-

type that coincides with upregulation of the scavenger receptor CD163, a molecule 

that is thought to have immunomodulatory effects.138,139,143,183 Moreover, in-

creased membrane expression of CD163 and shedding of soluble CD163 (sCD163) 

is a common feature of macrophages in various chronic inflammatory disorders, in-

cluding MS.184–187 As cortisol and GR polymorphisms have been implicated in 

progression of MS, we performed a post-mortem study in 137 MS brain donors of 

the Netherlands Brain Bank to investigate the association of known genetic polymor-

phisms in the GR with MS disease progression, cortisol production by the HPA-axis 

and sCD163 levels in the CSF. With this, we aimed to explore the prognostic rele-

vance of assessing GR haplotypes and CSF levels of cortisol and sCD163 in MS 

patients. 
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subjecTs And MeThods

Patients and controls
In total, 137 donors with MS were included for genetic analysis, while cortisol and 

sCD163 were measured in CSF of respectively 104 and 118 of these subjects. For 

an overview of the characteristics of the study population, see table 1. All human 

material was provided by the Netherlands Brain Bank (www.brainbank.nl). Informed 

consent was obtained for brain autopsy and the use of tissue and clinical information 

for research purposes. Clinical diagnoses of MS were confirmed by a neurologist 

(Prof. C.H. Polman, VU Medical Center, Amsterdam or Dr. S. Luchetti, NIN, Amster-

dam, The Netherlands). DNA was isolated from post-mortem brain tissue dissected 

from the cerebellum or blood leukocytes, while CSF was taken from the lateral ven-

tricles, centrifuged to discard cells and frozen at -80ºC. For analyses using disease 

duration as an indicator for MS severity, two donors were excluded because of pre-

mature death due to causes unrelated to MS (euthanasia due to cancer and sudden 

death). Excluded for analysis of cortisol or sCD163 levels in CSF were donors that 

died due to sepsis (n=17) or that had been treated with synthetic GC 2 months prior 

to dying (n=14), as these factors are known to impact on HPA-axis activity and en-

dogenous GC levels.

GR genotyping
To compare our study cohort with a reference population of healthy controls, we 

used data obtained from a total of 317 healthy Caucasian blood donors, described 

previously.23 DNA was extracted according to standard techniques. Briefly, 150 mg 

of brain tissue was homogenized and incubated with 20 mg/ml proteinase K for at 

least 4 h at 56ºC, followed by DNA extraction using phenol–chloroform–isoamyl al-

cohol. Subsequently, DNA was purified on a column using a DNA Midi kit (Qiagen, 

Hilden, Germany), precipitated with isopropanol, and diluted in Tris-EDTA buffer. 

DNA was genotyped by allelic discrimination using the TaqMan ABI Prism 7700 Se-

quence Detection System (Applied Biosystems, Foster City, CA, USA) and TaqMan 

Universal PCR master mix (Applied Biosystems, Branchburg, NJ, USA). The poly-
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morphisms 9β (rs6198), Tth111I (rs10052957), ER22/23EK (rs6189 and rs6190, re-

spectively), N363S (rs6195), and BcII (rs41423247) were determined as described 

previously.178,188 In 137 patients, all five polymorphisms were determined, and six 

haplotypes were inferred, based on Bayesian linkage disequilibrium analyses using 

the Phase Reconstruction Method version 2.1, a statistical approach for haplotype 

reconstruction.19 

Measurement of cortisol and sCD163 in CSF
sCD163 was measured using a non-commercial enzyme-linked immunosorbent as-

say (ELISA) essentially as described before.190 Samples were initially diluted 1:4. A 

few samples were rerun in higher dilutions. Control samples and standards trace-

able to purified CD163 were co-analyzed in each run. Cortisol was measured by 

radioimmunoassay (Diagnostic Products Corporation, Los Angeles, CA, USA).

Statistical analysis
We analyzed whether the distributions of genotypes deviated from Hardy–Weinberg 

equilibrium. Log-rank test was used to study carriers and non-carriers of the individu-

al GR haplotypes for differences in disease severity, which was based either on total 

disease duration (i.e. time between disease onset and dying) or time to reach score 
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Characteristic Value
Total	  no.	  of	  subjects 137
No.	  of	  females	  (percentage) 91	  (64%)
Median	  age	  (interquartile	  range) 66	  yr	  (55–78)
Median	  age	  at	  onset	  (interquartile	  range) 32	  yr	  (23–41)
Median	  duration	  (interquartile	  range) 26	  yr	  (14–38)
Median	  time	  to	  EDSS6	  (interquartile	  range) 15	  yr	  (5–26)
No.	  of	  SPMS	  patients 77
No.	  of	  PPMS	  patients 34
No.	  of	  subtype	  undetermined 26

No.=number; EDSS=expanded disability status scale; 
SPMS=secondary progressive multiple sclerosis; PPMS=pri-
mary progressive multiple sclerosis

Table 1 Characteristics of included subjects



57

6 on the Kurtzke Expanded Disability Status Scale (EDSS 6). Correlations were 

calculated using the Spearman’s non-parametric correlation test. Mann–Whitney U 

tests were used to make group-wise comparisons. Chi-square test was applied to 

compare clinical MS subtypes for proportions of subjects with an allelic makeup of 

the GR associated with normal, reduced or increased GC sensitivity. A p-value< 0.05 

was considered significant in all tests. 

resulTs

Genotype distribution of polymorphisms and disease susceptibility
We studied six different GR haplotypes in a post-mortem cohort of 137 MS brain 

donors. An overview of their genetic makeup and relative GC sensitivity is depicted 

in figure 1A. To investigate whether the haplotypes are involved in susceptibility to 

MS, we compared their relative frequencies with those in a cohort of 317 healthy 

blood donors, which were genetically characterized for GR polymorphisms.162 No 

differences were found in frequencies of any of the haplotypes in the studied MS 

brain donors as compared to frequencies in the general population (table 2). More-

over, no differences were found between carriers and non-carriers of the studied GR 

haplotypes for the age of onset or subtype of MS (data not shown).

gluCoCortICoId reCeptor haplotypes In Ms

Allele MS	  cohort	  (n=137) Blood	  donors	  (n=317)
WT 44.1% 42.0%
BclI 19.8% 23.0%
Tth111I 15.3% 14.0%
9β 14.2% 14.0%
ER22/23EK 3.1% 2.5%
N363S 3.5% 4.5%

Table 2 Allele frequencies in the studied MS donor population 
compared to a general population of healthy blood donors

WT=wild type
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No association of GR haplotypes with MS subtype or gender
No differences were present between genders or clinical MS subtypes, for propor-

tions of subjects with an allelic makeup of the GR associated with normal, reduced 

or increased GC sensitivity (data not shown).
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Polymorphism Tth111I ER22/23EK N363S 9beta

1 2 3 4 5 6 7 8 9 alpha 9 beta

TAD DBD LBD

BclI

Haplotype

1. Wildtype

2. BclI

3. Tth111I BclI

4. Tth111I 9β

5. N363S

6. Tth111I ER22/23EK 9β

GC-sensitivity n

Normal

High

Normal

Low

High

Low

122

52

44

39

9

8

Group Allelic makeup n

GS-N

GS-L

Excluded

N/N

L/L and L/N

H/L

50

33

10

H/H and H/NGS-H 44

A

B
High GC sensitivity
Normal GC sensitivity

Low GC sensitivity

Figure 1   Duration of MS and time to EDSS 6 versus GR haplotypes associated with al-
tered GC sensitivity. A. Schematic representation of the GR polymorphisms and haplotypes 
investigated in this study and their grouping based on GC sensitivity. TAD=transactivation 
domain; DBD=DNA binding domain; LBD=ligand binding domain; GS=GC sensitivity; N=nor-
mal (GC sensitivity); H=high (GC sensitivity); L=low (GC sensitivity). B. Kaplan–Meier curves 
for duration of MS and time to reach EDSS 6 for the patient groups with normal, high and low 
GC sensitivity, based on the grouping shown in panel A. For both duration of MS and time to 
EDSS 6 the curves differ significantly (respectively p=0.006 and p=0.001, log-rank test).



59

More severe MS in patients with high GC sensitivity
Based on the haplotypes of both alleles, patients were divided into groups with nor-

mal (GS-N), high (GS-H) or low (GS-L)  GC sensitivity (figure 1A). Figure 1B shows 

Kaplan–Meier survival curves for the three groups, which differed significantly from 

each other in relation to both total disease duration (p=0.006) and time to EDSS 6 

(p=0.001). In relation to disease duration, pair-wise comparison of Kaplan–Meier 

survival curves indicated that MS patients in the GS-H group had a more aggressive 

disease than those in the GS-N (p=0.004) and GS-L (p=0.020) group, whereas no 

difference in survival was present between the GS-N and GS-L group (p=0.578). 

Similarly, pair-wise comparison of Kaplan–Meier survival curves in relation to time to 

EDSS 6 also revealed a more aggressive course of MS in the GS-H group compared 

to the GS-N (p=0.003) and GS-L (p=0.002) group, and no difference in survival be-

tween the GS-N and GS-L group (p=0.418). Analysis for the haplotypes separately 

indicated that carriers of both the BclI and N363S haplotype, both associated with 

gluCoCortICoId reCeptor haplotypes In Ms
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Figure 2   Scatterplot of sCD163 and cortisol levels in CSF. Levels of cortisol and sCD163 
in CSF were correlated (r=0.494, p < 0.001).
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increased GC sensitivity, had a more aggressive course of MS, as indicated by a 

shorter disease duration compared to non carriers (p=0.007 in both cases; table 3). 

The same observation was made when using time to EDSS 6 as parameter for dis-

ease severity (p=0.002 for BclI; p=0.001 for N363S; data not shown). This analysis 

also indicated that MS progression was slower in carriers of the wild type (WT) hap-

lotype compared to the WT non-carriers, possibly due to a relatively high percentage 

of MS patients with a BclI or N363S haplotype among the WT non-carriers (67%), in 

comparison to the WT carriers (22%). No differences were found between the GS-

N, GS-H and GS-L groups in CSF levels of cortisol (p=0.837) or sCD163 (p=0.395). 

Cortisol correlates to sCD163 levels in CSF
Neither pH, post-mortem delay (PMD) nor age correlated with cortisol and sCD163 

levels in CSF. Cortisol levels in CSF correlated to those of sCD163 (n=76, r=0.494, 

p < 0.001; figure 2). The correlation between cortisol and sCD163 was strongest in 

the GS-L group (r=0.754, p=0.001) and less so in the GS-N (r=0.447, p=0.010) and 

GS-H (r=0.419, p=0.041) groups. No correlations were present between cortisol and 

disease duration (r=-0.094, p=0.673) or time to EDSS 6 (r=0.050, p=0.713). Similar-

ly, sCD163 levels in CSF did not correlate with disease duration (r=-0.064, p= 0.562) 

or time to EDSS 6 (r=0.141, p=0.292). 

Chapter 3

Haplotype Mean	  duration	  ±	  SEM n Mean	  duration	  ±	  SEM n Log	  Rank	  test
Carriers Non-‐carriers

WT 30.1	  ±	  1.5 94 22.4	  ±	  2.1 43 p	  =	  0.011
Tth111I	  -‐	  BclI 26.5	  ±	  2.6 37 28.0	  ±	  1.5 100 p	  =	  0.755
BclI 23.5	  ±	  1.7 46 29.8	  ±	  1.7 91 p	  =	  0.007
N363S 18.7	  ±	  2.6 9 28.3	  ±	  1.4 128 p	  =	  0.007
Tth111I	  -‐	  9β 27.4	  ±	  3.0 35 27.7	  ±	  1.4 102 p	  =	  0.970
Tth111I	  -‐	  ER22/23EK	  -‐	  9β 38.0	  ±	  4.2 8 26.9	  ±	  1.3 129 p	  =	  0.201

SEM=standard error of the mean

Table 3  Comparison of survival between carriers and non-carriers of the studied GR haplo-
types
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discussion

This study investigated whether GR haplotypes associated with altered GC sen-

sitivity are related to clinical severity of MS, and levels of cortisol and sCD163 in 

post-mortem CSF. We show that faster disease progression occurs in MS patients 

in the GS-H group, who have an allelic makeup of the GR that is associated with in-

creased GC sensitivity due to the presence of the BclI or the N363S haplotype. The 

GS-N, GS-L and GS-H groups did not differ in their levels of cortisol and sCD163 

in CSF. At the same time, levels of cortisol were correlated to those of sCD163. To-

gether, these data suggest that the faster MS progression in the GS-H group is not 

related to a change in cortisol production by the HPA-axis or altered expression and/

or shedding of CD163. However, sCD163 may be a good biomarker of cortisol-in-

duced phenotypes in macrophages and microglia in MS patients. 

Our data are in contrast with previous reports that studied the same GR hap-

lotypes and did not find an association of the BclI and N363S haplotype with faster 

progression of MS.23,191 In fact, these studies indicated that a more aggressive dis-

ease course occurs in MS patients carrying the Tth111I-ER22/23EK-9β haplotype, 

which is associated with a reduced GC sensitivity.23,191 

One reason that we could not confirm this finding may be that our study popu-

lation was relatively small and may thus lack the power to demonstrate the effect of 

the Tth111I-ER22/23EK-9β haplotype on MS disease course, especially since the 

carriers of this haplotype represent only an minor percentage of the population. Of 

note is that the studies investigated the effect of GR polymorphisms on MS disease 

course by comparing carriers and non-carriers. A consequence of this approach 

is that subjects having the Tth111I-ER22/23EK-9β haplotype are included in the 

group of non-carriers, thus decreasing survival in the group used as a reference 

when studying the effect of the BclI and N363S haplotype on the clinical course 

of MS. This may in part explain the discrepancy with the study by van Winsen et 

al. regarding the association of this polymorphism with more aggressive MS.23,191 

However, we also analyzed our data by comparing carriers and non-carriers of each 

haplotype and actually found an association between the BclI and N363S haplo-

gluCoCortICoId reCeptor haplotypes In Ms
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type and a more severe MS disease course, which is still in sharp contrast with the 

previous studies.23,191 A final, and more likely, explanation for these discrepancies is 

that about 50% of the patient population studied by van Winsen and co-workers had 

relapsing-remitting MS, whereas population consisted of already deceased patient 

of which the large majority had progressive MS.162 Perhaps the effects of GR haplo-

types on MS course are different depending on the clinical subtype or disease stage. 

New insights may thus be gained if data from the MS populations used in previous 

studies would be combined with data from our cohort and re-analyzed, also for the 

separate clinical subtypes and with different types of grouping of the GR haplotypes 

carriers (i.e. carriers versus non-carriers or grouped by GC sensitivity).

Given the fact that cortisol is protective in MS, it seems counterintuitive that 

increased GC sensitivity due to presence of the BclI or N363S GR haplotype leads 

to more aggressive MS, unless it would lead to inhibition of HPA-axis activity through 

increased negative feedback without potentiating effects of GC on immune cells. 

Indeed, in vitro experiments on leukocytes failed to demonstrate an association of 

the N363 and BclI minor allele with differences in affinity and concentration of the 

GR.172,192 It has also been convincingly shown that the N363S and BclI haplotype 

are associated with a increased sensitivity of the HPA-axis to GR-mediated sup-

pression, as carriers in a well-sized population of healthy elderly had lower cortisol 

levels after DST, assessed at two time points with different dosages of dexametha-

sone.172,180 However, our study does not provide evidence for this, considering that 

CSF cortisol levels did not differ between the GS-N, GS-H and GS-L group nor 

between carriers and non-carriers of the BclI or N363 haplotype. It has been shown 

that post-mortem cortisol levels in the CSF reflect HPA-axis responsiveness to the 

process of dying, rather than basal activity. The physiological process of dying in-

duces a strong HPA-axis response that leads to a rise in cortisol levels, which are 

well correlated with numbers of CRH positive hypothalamic neurons post-mortem 

and with ante-mortem cortisol levels in CSF and serum.101,166,170 However, HPA-axis 

responsiveness to dying may not necessarily reflect GC-induced negative feedback, 

in contrast to well-controlled DST in living subjects. Thus, post-mortem cortisol may 

not (accurately) indicate variability in GR-mediated suppression of the HPA-axis. 
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The mechanisms underlying the association of the haplotype with an aggressive MS 

disease course therefore remain to be elucidated.

We did not find a correlation between levels of cortisol and indicators of MS 

disease severity, which is in contrast with earlier studies in our group.25,170 Possibly, 

this is due the fact that these previous studies were performed on populations that 

displayed a much stronger variability in MS severity and HPA-axis activity and com-

prised a relatively large amount of patients with particularly severe MS and/or low 

activity of the HPA-axis. 

Expression of CD163 within the CNS is found on macrophages and in the 

MS brain also on some microglia, and both cell types are known to strongly upreg-

ulate CD163 mRNA and protein levels under the influence of GCs.143,193 Moreover, 

CD163 expression is also related to pathology-specific activation of macrophages, 

for example in rheumatoid arthritis and Gaucher’s disease.184–186 The latter also 

applies to MS, as CD163 expression is present on macrophages and microglia in 

demyelinating lesions and is increased on perivascular macrophages.143 An import-

ant finding in this respect is that lesion-associated CD163 expression is particularly 

high on foamy macrophages and coincides with upregulation of 11β-hydroxysteroid 

dehydrogenase type 1 (11βHSD1), the enzyme that increases local GC signaling 

by converting cortisone into cortisol.126,143 Moreover, acute relapses were found to 

coincide with lowered cortisol levels in the CSF and not in serum. This local cortisol 

decrease was associated with poor local activation of cortisone via 11βHSD1 and/or 

cortisol inactivation via 11βHSD2. Accordingly, 11βHSD2 was found to be expressed 

on early activated macrophages within active plaques, whereas 11βHSD1 was ex-

pressed by foamy macrophages. Thus, endogenous regulation of cortisol in the CNS 

is reflected by its levels in the CSF and is strongly related to MS disease activity and 

CD163 expression by microglia and macrophage subpopulations within lesions. In 

line with this, no correlation was found between cortisol and sCD163 in serum of MS 

patients.187 The correlation found in this study between cortisol and sCD163 levels 

in CSF may be of clinical relevance, as it suggests that the latter may indicate the 

cortisol-mediated cellular effects within the MS brain. 

In conclusion, this study shows that more severe MS occurs in patients with 
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the BclI and N363S GR haplotype, which are associated with increased sensitivity 

to GC-induced suppression of the HPA-axis, without affecting immunomodulation of 

leukocytes. In addition, we show that sCD163 levels may serve as an indicator for 

GR-mediated immunomodulation within the MS brain. Therefore, further research is 

warranted to evaluate the prognostic value of assessing GR haplotypes and sCD163 

levels in MS patients. 
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AbsTrAcT

Much is still unknown about mechanisms underlying the phenotypical and functional 

versatility of human microglia. Therefore, we developed a rapid procedure to isolate 

pure microglia from post-mortem human brain tissue and studied their immediate ex 

vivo phenotype and responses to key inflammatory mediators. Microglia were isolat-

ed, along with macrophages from the choroid plexus by tissue dissociation, density 

gradient separation and selection with magnetic microbeads. By flow cytometry, mi-

croglia were identified by a CD11b+CD45dim phenotype and a smaller size compared 

to CD11b+CD45high macrophages. Interestingly, white matter microglia from donors 

with peripheral inflammation displayed elevated CD45 levels and increased size 

and granularity, but were still distinct from macrophages. The phenotype of isolated 

microglia was further specified by absent surface expression of CD14, CD200 re-

ceptor and mannose receptor (MR, CD206), all of which were markedly expressed 

by macrophages. Microglia stimulated immediately after isolation with LPS and 

IFNγ failed to upregulate TNFα or CCR7. Notably, responsiveness to LPS and IFNγ 

was clearly instigated in microglia after overnight preculture, which coincided with a 

strong upregulation of CD14. Culture of microglia with IL-4 resulted in the induction 

of HLA-DR and CCL18 but not MR, whereas culture with dexamethasone did induce 

MR, in addition to CD163 and CCL18. In conclusion, this study demonstrates pheno-

typic changes of microglia associated with peripheral inflammation, and reveals tight 

regulation of responses to LPS and IFNγ as well as distinct microglial responses to 

IL-4 and glucocorticoids. These findings are of high relevance to studies on human 

microglia functioning in health and disease.

Chapter 4
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inTroducTion

As the key immunocompetent cells of the central nervous system (CNS), microglia 

play a crucial role in both innate and adaptive immune responses in the brain.102,103,105 

Microglia are cells of the myeloid lineage that are morphologically characterized by 

a small soma with extensive radial ramifications, which they use to actively survey 

the microenvironment under physiological conditions.107 Upon activation, microglia 

may proliferate and, through several transitional stages, adopt an amoeboid, mac-

rophage-like morphology.108,109 In their function as surveyor of parenchymal brain 

homeostasis, microglia are highly responsive to microenvironmental alterations due 

to local damage, inflammation or infection. Another well recognized feature of mi-

croglia is their sensitivity to inflammation outside the CNS.194 Peripheral inflammato-

ry conditions or systemic inflammation can alter microglia activation status or even 

lead to active and detrimental microglial immune responses, a phenomenon that 

is suggested to be involved in exacerbation of neurodegenerative disorders and 

delirium.110,111

Depending on their activation status and the encountered challenge, microglia 

are able to exert a variety of effector functions, which may be either neurotoxic or 

neuroprotective.112 The functional versatility and either benign or detrimental role of 

microglia in neurodegeneration and inflammation has led to a strong interest in the 

mechanisms underlying their phenotypic switches. One of the main questions of 

interest is to what extent microglia exhibit features of classical (M1) and alternative 

(M2) macrophage activation. M1 activation refers to pro-inflammatory immune re-

sponses of macrophages induced by lipopolysaccharide (LPS) or interferon-gamma 

(IFN-γ), alone or in combination, and leads to production of various effector mole-

cules that are known to confer neurotoxicity, such as tumor necrosis factor alpha 

(TNFα), interleukin-6 (IL-6) and reactive oxygen species (ROS). Conversely, M2 

activation comprises the induction of various tissue repair and immunoregulatory 

pathways through macrophages by compounds such as IL-4 (M2a activation) and 

glucocorticoids (M2c activation) and is associated with expression of inflammatory 

mediators that suppress inflammation and promote neuroprotection, such as IL-10 

phenotypIng prIMary huMan MICroglIa
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and transforming growth factor-beta (TGF-β).81–84,195 In this respect, a procedure for 

rapid isolation of microglia from post-mortem human brain tissue would be a highly 

valuable tool. Not only would it enable studies on microglial immune responses im-

mediately after isolation, but it would also allow for in vitro assays on various effector 

functions and facilitate transcriptomic and proteomic analyses.

In 1997, Sedgwick and co-workers described the isolation and flow cytometric 

analysis of human microglia from brain biopsies that originated from HIV-positive 

patients and other subjects.196 Due to the lack of distinctive microglial cell surface 

markers, this study identified microglia by their CD11b+CD45dim phenotype to distin-

guish them from CD11b+CD45high monocytes from blood. However, this distinction 

may be distorted by upregulation of CD45 during microglia activation, which is well 

described in both human and rodent brain.197–199 Taking this into account, our first 

aim was to establish whether CD11b and CD45 expression could be used to pheno-

typically differentiate microglia from peripheral macrophages in various inflammatory 

conditions. Next, we used magnetic cell sorting using CD11b expression in com-

bination with flow cytometry to characterize the cell surface phenotype of primary 

microglia. To further study mechanisms involved in phenotypic as well as functional 

switches of microglia, our final objective was to establish whether they would show 

in vitro responses to M1 and M2 stimuli that are similar to those described for mono-

cyte-derived macrophages (MDMs).

MATeriAls & MeThods

Donors and tissue 
Donor tissue (table 1) was provided by the Netherlands Brain Bank. Informed con-

sent was obtained for brain autopsy and the use of tissue and clinical information for 

research purposes. At autopsy, white matter (WM) from corpus callosum, grey mat-

ter (GM) from occipital cortex as well as choroid plexus was dissected and stored 

in Hibernate A medium (Brain Bits LLC, Springfield, IL, USA) at 4ºC. The mean age 

was 78.4 y (range 49 – 98 y) and the mean post-mortem delay was 7:01 h (range 

Chapter 4
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3:35-18:30 h). The average pH value of cerebrospinal fluid was 6.7 (range 6.0 – 7.2). 

Donors included did not have a neurological or psychiatric disorder, except for donor 

8 and 16, who had Parkinson’s disease (PD). These were included as they had no 

dementia and PD does not affect the corpus callosum and occipital cortex. Three 

donors had peripheral inflammatory conditions that are known to coincide with pe-

ripheral or even central elevations of pro-inflammatory cytokines: donor 3 (end-stage 

chronic obstructive pulmonary disease, COPD), donor 9 (sepsis) and donor 11 (se-

vere chronic wound infection).200–203 Cells from donors with either PD or peripheral 

inflammation were used for flow cytometric analysis and not for in vitro experiments.

Isolation procedure

Tissue dissociation

Isolation procedures were started within 2 to 24 h after autopsy. In total 3 to 6 g of 

WM or GM brain tissue and 0.3 to1.2 g choroid plexus were meshed through a stain-

less steel sieve in a glucose-potassium-sodium buffer (GKN-BSA; 8 g/l NaCl, 0.4 

g/l KCl, 1.77 g/l Na2HPO4.2H2O, 0.69 g/l NaH2PO4.H2O, 2 g/l D-(+)-glucose, pH 7.4) 

with 0.3% bovine serum albumin (Roche Diagnostics GmbH, Mannheim, Germany). 

All subsequent wash steps were performed with this GKN-BSA buffer, unless stated 

otherwise.

Enzymatic dissociation was done in 50 ml tubes (Greiner Bio-One GmbH, Fric-

kenhausen, Germany). Based on weighing prior to mechanical dissociation, each 

tube contained 1 to 1.5 g of brain tissue, or choroid plexus. Dissociated brain tissue 

and choroid plexus were washed and centrifuged for 7 min at 1400 rpm and 4ºC. 

Pellets were resuspended in 4 ml enzyme buffer (4 g/l MgCl2, 2.55 g/l CaCl2, 3.73 g/l 

KCl and 8.95 g/l NaCl, pH 6-7), followed by enzymatic digestion in 300 units/ml col-

lagenase type I (Worthington, Lakewood, NJ, USA) and 200 mg/ml DNase I (Roche 

Diagnostics GmbH) for 1 h at 37°C while shaking. 

phenotypIng prIMary huMan MICroglIa
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Density gradient separation

After enzymatic dissociation, cells were washed and incubated for 2 min on ice in 10 

ml cold erythrocyte lysis buffer (8.26 g/l NH4Cl, 1 g/l KHCO3 and 0.037 g/l EDTA, pH 

7.35). Subsequently, cells were washed and resuspended in 20 ml Percoll (Amersh-

am Biosciences, Piscataway, NJ, USA) of ρ=1.03, then underlain with 10 ml Percoll 

of ρ=1.095, overlain with 5 ml GKN-BSA buffer and centrifuged for 35 min at 2500 

rpm and 4ºC with slow acceleration and no break. The myelin layer on top of the 

ρ=1.03 Percoll phase was discarded. Cells were collected from the interface be-

tween ρ=1.095 and ρ=1.03 Percoll, washed, resuspended in GKN-BSA buffer and 

counted in a cell counting chamber using trypan blue. Next, cells were pooled per 

brain region and transferred to a polypropylene coated 12 ml tube (Greiner Bio-One) 

for further use. 

Magnetic-activated cell sorting

Depletion of granulocytes and positive selection of microglia with respectively an-

ti-CD15 and anti-CD11b conjugated magnetic microbeads (Miltenyi Biotec GmbH, 

Bergisch Gladbach, Germany) was done by magnetic-activated cell sorting (MACS) 

according to the manufacturer’s protocol. Briefly, cells were incubated 8 µl CD15 mi-

crobeads in a total volume of 100 µl for 15 min at 4ºC. After this, cells were washed, 

resuspended in 500 µl beads buffer and transferred to an MS column placed in a 

magnetic field. 

The flow-through, containing the unlabeled cells, was collected and washed. 

Cells were subsequently incubated with 15 µl CD11b microbeads in a total volume 

of 100 µl for 15 min at 4ºC. After this, cells were washed and resuspended in 500 µl 

beads buffer and transferred to an MS column placed in a magnetic field. The eluted 

cells were used for culture purposes and, along with the flow-through, evaluated for 

proper separation of microglia from other cell types by flow cytometry. 
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Flow cytometry 

Quantification of CD11b and CD45 expression

Cells were stained immediately after Percoll gradient separation, using antibodies 

with the following specificities: anti-human CD11b (immunoglobulin (Ig)G1, clone 

ICRF44, labeled with PE; eBioscience, San Diego, CA, USA), CD45 (IgG1, clone 

HI30, labeled with FITC; Dako, Glostrup, Denmark) and CD15 (IgM, clone HI98, 

labeled with APC; Biolegend, San Diego, CA, USA). A mouse isotype control anti-

phenotypIng prIMary huMan MICroglIa

Donor NBB no. Age Sex pH CSF PMD Death cause
1 2009-012 78 M 6.52 <17:20 Heart failure
2 2009-102 92 F 6.24 06:55 Cachexia and general deterioration
3 2010-007 85 F 7.07 05:19 End-stage COPD
4 2010-038 79 F 6.30 18:30 Heart failure
5 2010-058 98 M 6.54 05:50 Cachexia
6 2010-062 94 F 7.04 05:50 Cachexia
7 2010-070 60 F 6.80 07:30 Heart failure
8 2010-107* 61 M 6.72 05:00 Euthanasia
9 2010-115 70 M 7.20 03:35 Sepsis
10 2011-021 85 F n.d. 07:05 Kidney failure
11 2011-028 81 F 6.67 04:25 Heart failure
12 2011-039 91 F 6.50 04:15 Heart failure
13 2011-044 51 M 7.05 07:45 Suicide
14 2011-046 89 F 6.76 04:45 Euthanasia
15 2011-049 83 F 6.04 04:40 Metastasized pancreas carcinoma
16 2011-066* 81 F 6.76 05:55 Sudden death e.c.i.
17 2011-069 49 M 6.23 06:15 Non-Hodgkin lymphoma
18 2011-070 87 F 6.72 06:59 Heart failure
19 2011-072 76 F 6.87 07:15 Heart failure
20 2011-081 55 M 6.88 07:30 Euthanasia
21 2011-090 85 F 6.51 08:25 Dehydration and cachexia
22 2011-091 76 M 6.31 06:45 Lung cancer
23 2011-105 95 F 6.44 05:50 Euthanasia
24 2011-114 81 F 6.77 05:30 Respiratory insufficiency

The first column depicts donor numbers referred to in article text. Euthanasia was according to 
Dutch law. NBB no.=Netherlands Brain Bank registration number; PMD=post-mortem delay, 
time (h) between dying and the end of the autopsy; M=male; F= female; n.d.= not determined; 
COPD=chronic obstructive pulmonary disease; E.c.i.=e causa incognita. * Donor with Parkin-
son’s disease

Table 1   Overview of donors included in the study
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body (IgG1, clone P3, labeled with FITC or PE; eBioscience) was used to determine 

background staining. Briefly, 1*105 cells in 100 μl GKN-BSA containing 5% human 

pooled serum (HPS) were incubated with antibodies for 30 min on ice in a 5 ml 

polypropylene round-bottom tube (BD Biosciences, San Diego, CA, USA) to pre-

vent adherence of myeloid cells. Subsequently, cells were washed in GKN-BSA by 

centrifuging for 6 min at 1400 rpm and resuspended in 100 µl GKN-BSA. About 15 

min prior to flow cytometry, 2.5 µl of 7-amino-actinomycin D (7AAD; BD Bioscienc-

es) was added per sample. Flow cytometric analysis was performed with identical 

instrument settings on a FACSCalibur machine (BD Biosciences), which was cali-

brated at least once a week, enabling the use of the geomean fluorescence intensity 

(geoMFI) of CD45 and CD11b for accurate quantification and comparison between 

experiments. Data were analyzed using FlowJo software version 8.7.1 (Treestar Inc. 

Ashland, OR, USA). 

Phenotyping

Antibodies were of the IgG1 isotype, unless stated otherwise, and had the follow-

ing specificities: anti-human CD32 (clone 3D3, labeled with PE), CD45 (clone 2D1, 

labeled with PerCP), CD80 (clone L307.4, labeled with PE), CD86 (clone 2311 

(FUN-1), labeled with FITC), CD163 (clone GHI/61, labeled with PE), MR (CD206; 

clone 19.2, labeled with APC; all from BD Biosciences); CD16 (clone LNK16, la-

beled with AF647), CD200R (clone OX108, labeled with AF647; both AbD Serotec, 

Oxford, UK), CD64 (clone 10.1, labeled with AF488), HLA-DR (IgG2a, clone L243, 

labeled with AF488; both Biolegend), CD14 (clone 61D3, labeled with PerCP-Cy5.5; 

eBioscience). Mouse isotype control antibodies (IgG1, clone MOPC-21, labeled with 

PerCP-Cy5.5, PE or APC; BD Biosciences; IgG2a, clone MOPC-173, labeled with 

AF488; Biolegend) were used to determine background staining. Cells were also 

stained with CD11b-, CD45- and CD15-specific antibodies used for FACSCalibur 

experiments, as described above. Flow cytometric analysis was performed on a 

FACSCanto machine (BD Biosciences) and the FlowJo software package (Treestar). 
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Cell culture and stimulation

Primary human microglia

In a 96-wells plate (Greiner Bio-One), 1.0*105 MACS-isolated microglia were cul-

tured in a total volume of 200 µl Rosswell Park Memorial Institute medium (RPMI) 

with 10% heat-inactivated HPS per well for either 4 h or 18 h with 100 ng/ml LPS 

(Salmonella minnesota R595; Alexis Biochemicals, Lausen, Switzerland) alone, or 

in combination with IFNγ (10 ng/ml; both from Peprotech, London, UK) or for 72 h 

with 40 ng/ml IL-4 (Peprotech) or 2 nM dexamethasone (Sigma Aldrich, Zwijndrecht, 

The Netherlands). Cells were harvested, after being checked for viability by micros-

copy, in 800 µl Trizol reagent (Invitrogen, Carlsbad, CA, USA) and stored at -80°C 

for later use.

Monocyte-derived macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient sep-

aration using Lymphoprep (Nycomed, Roskilde, Denmark) followed by isolation of 

monocytes using layers of 34%, 45% and 60% Percoll Monocytes were taken from 

the 34–45% interface, washed in PBS and adhered to cell culture plastic for 1 h 

by 37ºC. Non-adhering cells were removed, and further maturation towards mac-

rophages was achieved by continued adherence to plastic in 12-well culture plates 

(Corning Incorporated, New York, NY, USA) in RPMI 1640 (BioWhittaker, Verviers, 

Belgium) and 10% HPS (BioWhittaker). MDMs were stimulated and analyzed like 

microglia.

RNA isolation and cDNA synthesis
RNA isolation was performed as described previously, with minor adaptations.132 

After addition of 160 µl chloroform (Sigma) to 800 µl Trizol with cell lysates, samples 

were vortexed for 15 sec, allowed to rest at room temperature (RT) for 3 min and 

centrifuged for 15 min at 12,000 x g. The aqueous (top) phase was transferred to 

a new tube, after which an equal volume of 70% ethanol was slowly added. The 

mixture was then transferred to an RNeasy Mini column (Qiagen, Hilden, Germany). 

The RNA isolation was further done according to manufacturer’s instructions. Con-
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centration of extracted RNA was determined using a nanodrop (ND-1000; NanoDrop 

Technologies, Rockland, DE, USA). RNA integrity was assessed using a Bioanalyzer 

(2100; Agilent Technologies, Palo Alto, CA). 

Synthesis of cDNA was done using the Quantitect Reverse Transcription Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s protocol. For all sam-

ples, equal RNA inputs were used in a total volume of 12 µl RNAse free water. After 

addition of 2 µl gDNA Wipeout Buffer (7x), samples were incubated at 42°C for 2 min. 

After addition of the master mix with RT enzyme, buffer and RT primer mix, samples 

were incubated at for 15 min at 42°C and for 3 min at 95°C. Samples were subse-

quently stored at –20°C until further use. 

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction (qPCR) was done with the 7300 

Real Time PCR System (Applied Biosystems). The amount of cDNA used per re-

action was based on an input of 4 to 6 ng original RNA in a final volume of 20 µl. 

Per reaction, 10 µl SYBRgreen PCR Master Mix (Applied Biosystems), and 2 µl 

primermix (2 pmol/µl) was added. Expression of selected genes was normalized to 

references genes 18S and GAPDH; efficiencies (E) of primerpairs were determined 

using LinRegPCR software. Absolute expression was calculated as: E-CT target gene / 

E-CT reference gene.

An overview of the forward and reverse primers used for qPCR is present in 

the supplementary table 1. Primers were intron-spanning, except those for CCL18 

and CCR7, and were designed with the primerS in-house software package for 

qPCR primer design.132 Sequences of all forward and reverse primers were blasted 

with NCBI primer-BLAST (blast.ncbi.nlm.nih.gov). Specificity of primers was further 

verified by assessment of dissociation curves and size fractionation on an 8% SDS-

PAGE gel.

Statistical analysis
Statistical analysis was performed with GraphPad Prism software (version 5). 

Mann-Whitney U tests were performed to compare CD45 and CD11b geoMFI values 
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between WM microglia from control donors with and without peripheral inflammation. 

Differences of CD45 and CD11b geoMFI values between WM and GM microglia 

were done using a Wilcoxon signed rank test. The same test was used to compare 

mRNA expression levels between unstimulated microglia and microglia cultured with 

mediators of either M1 or M2 activation. A p-value <0.05 was considered statistically 

significant.

resulTs

Intermediate CD45 expression distinguishes microglia from macrophages
Brain tissue was collected with short post-mortem delay from 24 donors of the Neth-

erlands Brain Bank. To phenotype cells directly ex vivo, flow cytometric analysis was 

performed on cell suspensions obtained after density gradient separation. All iso-

lates from post-mortem brain tissue contained a population of highly autofluorescent 

events, a well-known phenomenon in human CNS tissue that has been ascribed 

to age-related accumulation of lipofuscin (data not shown).204,205 Nevertheless, my-

eloid cells could be well discriminated from other cell types by CD11b expression. 

Both WM and GM contained a single CD11b+ myeloid population that was further 

characterized as microglia, as it clearly displayed intermediate levels of CD45 ex-

pression and lower signals on forward and side scatter when compared to mac-

rophages from choroid plexus (figure 1A – no inflammation; supplementary figure 

1). At the same time, there was some overlap between WM microglia and choroid 

plexus macrophages for expression of CD45 and scatter characteristics (figure 1 

D – no inflammation). Interestingly, CD45 expression levels were constitutively low-

er on GM microglia compared to autologous WM microglia, whereas no significant 

differences were found for CD11b (figure 1B). Complete gating strategies for flow 

cytometric identification of microglia and choroid plexus macrophages are shown in 

supplementary figure 1.
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Figure 1   Distinct phenotypes of microglia and choroid plexus macrophages and phe-
notypic changes of microglia associated with peripheral inflammation. (A) Phenotypes 
of human microglia and choroid plexus macrophages, encircled in red, as indicated by ex vivo 
flow cytometric analysis for CD11b and CD45 expression in a donor without peripheral inflam-
mation (donor 10, Table 1), a donor with sepsis (donor 9) and a donor with severe chronic 
wound infection (donor 11). The lower row depicts forward and side scatter of encircled pop-
ulations in the upper panels, showing morphological characteristics of microglia and choroid 
plexus macrophages in inflammatory and non-inflammatory conditions. (B) Comparison of 
quantified expression indicates that CD45 levels are lower on GM microglia compared to au-
tologous WM microglia, whereas CD11b expression is comparable. Data were obtained from 
donor 8, 10, 13, 16, 17 and 20 to 22. (C) Quantified expression shows that levels of CD45, but 
not CD11b, are significantly elevated on WM microglia isolated from donors with peripheral 
inflammation compared to those without peripheral inflammation (donors without peripheral 
inflammation: n=10 for WM microglia and n=6 for CP macrophages; donors with peripheral 
inflammation: n=3 for WM microglia and n=3 for CP macrophages). Data shown represent 
mean ± SEM and were obtained from donor 2, 3, 9 to 11, 12 to 15, 17 to 19 and 20 (see Table 
1). *p<0.05, **p<0.01 and ***p<0.001. (D) Histogram overlays of WM microglia (shaded histo-
grams) and choroid plexus macrophages (open histograms) shown in panel A, indicating the 
various degrees of overlap for the studied parameters in diverse types of peripheral inflamma-
tion. Note the almost complete overlap for CD11b, CD45 and FSC, but not SSC, between WM 
microglia and autologous choroid plexus macrophages in the donor with chronic peripheral 
inflammation. FSC=forward scatter; SSC=side scatter; WM=white matter; GM=grey matter; 
CP=choroid plexus; geoMFI=geomean fluorescence intensity; PI=peripheral inflammation
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Increased CD45 expression and altered morphology of microglia in peripheral 

inflammation 
As the phenotypic markers used to define microglia might be affected by immune 

activation, we studied microglia phenotypes in relation to peripheral inflammatory 

conditions. We found that WM microglia isolated from donors with peripheral inflam-

mation immediately prior to death displayed levels of CD45 expression that largely 

overlap  with those of autologous choroid plexus macrophages. Moreover, these al-

terations went along with an increase in size and granularity, without fully abrogating 

the distinction with choroid plexus macrophages (figure 1A and D). Quantification 

revealed that WM microglia, and not choroid plexus macrophages, from donors with 

peripheral inflammation had significantly higher geoMFI values for CD45, but not for 

CD11b, when compared to those from control donors without inflammation (figure 

1C). Moreover, CD45 geoMFI values correlated with both forward scatter (r=0.499, 

p=0.021) and side scatter (r=0.646, p=0.002), whereas CD11b geoMFI values did 

not (forward scatter: r=0.264, p=0.248; side scatter: r=0.224, p=0.330). This indi-

cates that the morphological differentiation of WM microglia during immune activa-

tion specifically coincides with a strong upregulation of CD45.
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Figure 2   Efficient isolation of primary human microglia from white and grey matter by 
selection with magnetic microbeads coupled to an antibody for CD11b. Flow cytometric 
analysis shows that phenotypic differences between WM and GM microglia are preserved and 
indicates the presence of apoptotic cells that are 7AAD+ (black in overlay) and a 7AAD- viable 
population (grey in overlay) of highly pure primary human microglia. Data were obtained from 
donor 13 (see Table 1).WM=white matter; GM=grey matter; FSC=forward scatter, SSC=side 
scatter
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Highly pure primary cultures of microglia obtained after selection with mag-

netic beads

Since cell suspensions from GM and WM after density gradient separation con-

tained a single CD11b+ myeloid population that represented microglia, we decided to 

sort these cells using magnetic beads coupled to an antibody for CD11b. Purity and 

viability of cells after MACS isolation was assessed by flow cytometry. Cell suspen-

sions after MACS isolation contained minor populations of non-viable microglia that 

were 7AAD+ and could be easily distinguished from the 7AAD- population of viable 
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Figure 3   Flow cytometric analysis of choroid plexus macrophages and white mat-
ter microglia ex vivo. Open histograms indicate stainings with the specified antibodies and 
shaded histograms represent stainings with appropriate isotype control antibodies. Note the 
clear expression of CD14, CD200R and MR (CD206) on choroid plexus macrophages, in 
contrast to the virtually absent expression of these molecules on the cell surface of microglia. 
Data were obtained from donor 23 (see table 1). CP=choroid plexus; WM=white matter
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microglia by a decreased forward scatter (figure 2, overlay). Cells isolated from GM 

consistently contained higher percentages of 7AAD+ non-viable populations, when 

compared to cells from WM tissue. This was also observed after density gradient 

separation, indicating that cell viability is not affected by the isolation procedure 

itself (data not shown). Thus, cortical GM cells seem to be more vulnerable to cell 

death, possibly due to intrinsic properties of GM microglia or as a result of differ-

ential vulnerability of cortical and callosal tissue to post-mortem delay. The large 

majority of cells in GM and WM isolates was 7AAD- and comprised highly enriched 

and viable populations of microglia, with purities of at least 97% and often more 

than 99% (figure 2, upper and lower right panels). Per gram of WM or GM tissue, 

yields of microglia varied from 50,000 to 400,000 cells. Cell yield or viability was not 

correlated to age, post-mortem delay or pH value of cerebrospinal fluid. In summary, 

the procedure allowed for rapid isolation of human microglia from post-mortem GM 

and WM brain tissue with high purity and yield. As corpus callosum yielded cells in 

most consistent and adequate numbers, subsequent experiments were performed 

on WM microglia.
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Figure 4   Human microglia cultured under basal conditions upregulate CD14 over time. 
Gene expression, as determined by qPCR analysis, in WM microglia of receptors involved in 
responses to LPS and IFNγ under basal culture conditions. Note the specific upregulation of 
CD14, and not TLR4 and IFNγR1, over time. Data shown represent normalized gene expres-
sion and were obtained from donor 24 (see table 1). AU=arbitrary units
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Microglial display a cell surface phenotype distinct from macrophages
To more specifically establish the microglial phenotype of isolated cells, we performed 

flow cytometric analysis on MACS sorted WM microglia in parallel to choroid plex-

us macrophages. Cell surface expression of HLA-DR, CD14, CD16, CD32, CD64, 

CD80, CD86, CD163, CD200 receptor (CD200R) and MR (CD206) was analyzed. In 

strong contrast to choroid plexus macrophages, WM microglia displayed only mar-

ginal levels of CD14 and CD200R, and were completely negative for MR. In addition, 

expression of CD163 was totally absent on WM microglia and was hardly detect-

ed on choroid plexus macrophages. On the other hand, WM microglia did express 

the Fcγ receptors CD16, CD32 and CD64, but at clearly lower levels than choroid 

plexus macrophages. In addition, WM microglia, like choroid plexus macrophages, 

markedly expressed HLA-DR, were weakly positive for CD86 and negative for CD80. 

All data are shown in figure 3, where histograms indicate expression detected on mi-

croglia and choroid plexus macrophages as identified by a 7AAD-CD15-CD11b+CD-

45dim/high phenotype using gates shown in supplementary figure 1.

Tightly regulated M1 and distinct M2 responses of microglia ex vivo
Finally, we investigated whether primary microglia would show features of M1 and 

M2 activation when cultured with LPS and IFNγ, IL-4 or dexamethasone. Expression 

of CD14 at the microglial surface was hardly detectable ex vivo. However, it has 

been reported that cultured human microglia upregulate CD14, which is crucially 

involved in M1 responses because of its high binding affinity for LPS.206 Indeed, we 

observed that mRNA levels of CD14 progressively increased over time in cultured 

WM microglia, whereas levels of TLR4 and IFNγR1 did not. Therefore, we incubated 

cells with LPS and IFNγ immediately ex vivo and harvested the following morning. 

We reasoned that these conditions would rule out culture effects as much as possi-

ble and more accurately reflect microglial responses in vivo. 

Cultured WM microglia adhered to the bottom within 24 h and could be cul-

tured for 72 h and longer (figure 5A, upper panels). Culture for 18 h in the presence 

of LPS alone, or in combination with IFNγ, did not affect morphology, whereas the 

addition of IL-4 or dexamethasone induced specific morphological changes after 

Chapter 4



83

phenotypIng prIMary huMan MICroglIa

Stimulated

Unstimulated

A

DEX   72h IL-4   72h

72h 72h18h

0h 18h 72h

LPS   18h

B

C D

LPS LPS + IFNγ

IL-4 Dex

Figure 5   Completely absent M1 responses to LPS and IFNγ and distinct M2 responses 
to IL-4 and dexamethasone of primary human microglia. (A) Morphology of WM microglia 
in culture directly after isolation, after 18 h and 72 h in medium only (upper row) and after 18 
h with LPS and 72 h with dexamethasone or IL-4 (lower row). Scale bars represent 10 μm. 
(B) Gene expression, as determined by qPCR analysis, in microglia after culture for 18 h with 
LPS, alone or in combination with IFNγ (n=7 and n=5, respectively). (C) Gene expression in 
microglia after culture with IL-4 (n=7). Note the absence of MR and CD200R upregulation. 
(D) Gene expression after culture with dexamethasone (n=8). Note the marked upregulation 
of CCL18 and MR. Depicted are fold changes in mRNA levels after stimulation compared to 
those under basal culture conditions. Dotted lines indicate a two-fold change. Data shown 
represent median and interquartile range and were obtained from donor 1, 3 to 7, 10, 12 to 
14, 23 and 24 (see table 1). *p<0.05 and **p<0.01. Dex=dexamethasone; GR=glucocorticoid 
receptor
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72 h (figure 5A, lower panels). Interestingly, a complete lack of responsiveness to 

culture for 18 h with LPS and IFNγ was seen in primary human WM microglia, as 

induction of TNFα and CCR7 mRNA was absent (figure 5B). In sharp contrast, hu-

man MDMs stimulated under the same conditions displayed a marked induction of 

TNFα and CCR7 (Supplementary figure 2A). Since upregulation of these molecules 

is known to occur fast during M1 responses in macrophages, we also cultured pri-

mary WM microglia with LPS for a shorter (4 h) time. Again, we found only a very 

limited M1 response in WM microglia, showing a mere 5-fold TNFα and 2-fold CCR7 

induction, when compared to MDMs that displayed respectively a 100- and 200-fold 

upregulation for these genes under the same conditions (data not shown). 

To verify whether M1 responsiveness would indeed be affected by culture con-

ditions, allowing upregulation of CD14, we also stimulated WM microglia from one 

donor for 4 h and 18 h with LPS alone, or in combination with IFNγ, before and after 

overnight culture in medium only. Clearly, overnight culture markedly augmented 

responses to stimulation wither LPS and IFNγ in WM microglia, as indicated by a 

strong upregulation of TNFα at the 4 h and 18 h time point and also of CCR7 after 

4 h stimulation, showing that specific upregulation of CD14 in culture coincides with 

enhanced microglial M1 responsiveness (supplementary figure 3A and B). 

In contrast to M1 stimuli, WM microglia showed evident responses to M2 stim-

uli. Culture with IL-4 caused an upregulation by more than a 100-fold on average 

of CCL18, a chemokine that is associated with M2a activation in macrophages.207 

HLA-DR was induced by IL-4 as well as CD200R, although the latter not significantly. 

Remarkably, MR was not significantly induced by IL-4, which is in strong contrast 

to MDMs (figure 5C and supplementary figure 2B). Culture with dexamethasone 

significantly upregulated CD163, MR and CCL18, the latter up to a 27-fold, in WM 

microglia, while induction in MDMs was mostly restricted to the classical M2c marker 

CD163 (figure 5D and supplementary figure 2C). Cultured GM microglia showed 

gene expression profiles that were highly similar to those of WM microglia in re-

sponse to IL-4 and dexamethasone (data not shown).
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discussion

We here describe a procedure to rapidly isolate and culture pure microglia with high 

yield from post-mortem human GM and WM brain tissue of donors with and without 

inflammatory conditions. To our knowledge, we are the first to demonstrate pheno-

typic changes associated with peripheral inflammation in isolated human microglia 

immediately ex vivo. Moreover, our study demonstrates distinct responses to M2 

stimuli and reveals tight regulation of M1 responsiveness in microglia. 

Thus far, almost all microglia isolation procedures were time consuming as they 

included several enrichment steps based on differential adherent properties of glial 

cells types, in some cases preceded by sequential Percoll density gradient separa-

tions.115,116,208 However, prolonged culture and adherence for enrichment of microglia 

is inevitably accompanied by changes in microglial phenotype before the start of the 

actual experiment. In contrast, the procedure that allows for rapid isolation of primary 

microglia, as described here, excludes effects of culture and adherence as much 

as possible. Therefore, observations made in our setup, which excludes effects of 

culture and adherence as much as possible, will likely more accurately reflect in vivo 

functioning of microglia. Moreover, it offers the opportunity to directly relate ex vivo 

microglial phenotypes to data obtained by downstream applications. 

We obtained sufficient and viable microglia even from donors with relatively 

low cerebrospinal fluid pH values, whereas other reports on human microglia iso-

lation procedures mention pH values under 7 to be associated with poor cell yield 

and viability. In addition, these studies do not substantiate the distinct microglial 

phenotype of myeloid cells isolated from brain tissue and therefore do not exclude 

possible contamination of isolates with blood-derived monocytes and perivascular 

macrophages.116,209,210 In our study, CD11b+CD45high macrophages from autologous 

choroid plexus allowed us to verify whether myeloid cells isolated from human GM 

and WM displayed the specific microglial phenotype. In non-inflamed donors, a CD-

11b+CD45dim profile combined with lower signals for forward and side scatter char-

acteristics clearly differentiated microglia from choroid plexus macrophages, despite 

some overlap for these parameters. These findings were further corroborated by a 
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virtually absent expression of CD14, CD200R and MR on primary microglia, in con-

trast to choroid plexus macrophages, which indicated as well that any possible con-

tamination of microglia isolates with other myeloid cell types is entirely negligible in 

our setup. Under conditions of peripheral inflammation, there was a clearly stronger 

overlap for CD45 and scatter characteristics between microglia and choroid plexus 

macrophages. We have preliminary data showing that under conditions of peripheral 

inflammation, CD11b+ cells from white matter display a microglial phenotype char-

acterized by increased but still low levels of CD14 and virtually absent expression 

of CD200R and MR (CD206) when compared to macrophages from choroid plexus 

(Melief et al., manuscript in preparation). Together, these data indicate that microglia 

and macrophages display, with various degrees of overlap, a continuum of CD11b 

and CD45 expression and scatter characteristics, but can be very well separated 

from each other by the use of additional markers.  

Interestingly, differences in expression of CD45, but not CD11b, were present 

between GM and WM microglia. As low CD45 expression is associated with a more 

immunosuppressed state of microglia, GM microglia may be in a constitutively lower 

state of activation.211 This would be in line with a range of studies that found ex-

pression of microglial activation markers, for example HLA-DR, to be higher in WM 

compared to GM in human and rat brain under both physiological and pathological 

conditions.212–214 Moreover, region-specific differences in CD45 expression on mi-

croglia have also been reported in mouse brain.215 

Quantification of CD45 protein levels revealed elevated expression on WM mi-

croglia from donors with peripheral inflammation that was correlated with increased 

microglial cell size and granularity. This is in line with observations that activated, or 

primed, microglia are characterized by an enlarged soma and stubbier ramifications, 

as indicated by immunohistochemical studies in mice and human.110,216,217 This study 

is therefore the first to show microglial activation related to peripheral inflammation 

in isolated human microglia ex vivo. Several lines of research indicate that effects 

of systemic inflammation on the immune status of microglia may result in enhanced 

responsiveness to ensuing inflammatory challenges and negatively affect clinical 

progression of neurodegenerative diseases.110,111 As such, quantification of CD45 
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protein levels might be used to assess microglial activation and can be related to 

data from in vitro studies on microglial immune responses. Additionally, more exten-

sive analysis is warranted of the phenotypic changes of human microglia associated 

with systemic inflammation, with particular focus on regulation of molecules known 

to be involved in initiation or suppression of pro-inflammatory immune responses 

and neurotoxicity. Together, these approaches may give more insight into mecha-

nisms of (detrimental) microglia activation and progression of neurodegenerative 

diseases due to inflammatory episodes.

Importantly, our approach makes it possible to directly relate ex vivo microglial 

phenotypes to observations made in functional assays for features such as immune 

responsiveness, phagocytosis and T-cell interactions on the one hand, and tran-

scriptomic and proteomic analyses on the other hand. As a first step, we investigated 

here the cellular activation of freshly isolated microglia directly ex vivo. A possible 

explanation for the unresponsiveness of microglia to LPS and IFNγ in culture is 

the virtually absent expression of CD14 at the microglial cell surface ex vivo. This 

observation is in line with other human studies reporting absent mRNA and protein 

levels of CD14 in resting microglia in situ and ex vivo.115,196,206,218 As CD14 binds LPS 

with high affinity and together with TLR4 facilitates transmembrane signaling, its 

absent expression might underlie the initial lack of M1 responsiveness of primary 

human microglia towards this stimulus.219 This idea is supported by the finding that 

a specific increase of CD14, and not TLR4 and IFNγR1 mRNA levels during culture 

of primary human microglia coincides with enhanced M1 responsiveness after incu-

bation with LPS and IFNγ for 4 h and 18 h. This may also explain why M1 responses 

were observed in a recent study of human microglia in which LPS stimulation was 

preceded by several days of culture in the presence of granulocyte-macrophage col-

ony-stimulating factor.220 Interestingly, human WM microglia in our hands did also not 

respond to IFNγ in co-cultures with LPS, although it is well-known for its M1 inducing 

capabilities in human macrophages. Absent in situ expression of receptors for IFNγ 

has been reported for human microglia, even in pathological conditions.221 Together, 

these findings imply that resting microglia are inherently non-responsive towards M1 

stimuli in vivo. This may represent an intrinsic property of human microglia to not be 
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overtly activated by pro-inflammatory stimuli in order to prevent neurotoxicity and 

CNS tissue damage. 

In contrast to what was observed for LPS and IFNγ, primary human microglia 

were clearly responsive to M2 stimuli. Responsiveness of human microglia to IL-4 

was indicated by a M2a markers, such as CCL18 and HLA-DR and, to a lesser 

extent, CD200R.83,84,222 Conversely, we observed no induction of the MR, which is 

a hallmark of M2a activation of MDMs. Culture of microglia with dexamethasone 

caused consistent induction of CD163 and upregulated CCL18 with similar strength. 

CD163 is a well-established and highly specific M2c macrophage marker, which has 

also been found to be expressed by microglia in and around multiple sclerosis (MS) 

lesions.143 However, marked upregulation of CLL18 by glucocorticoids has not been 

described for macrophages to our knowledge and it was indeed only weakly induced 

by dexamethasone in human MDMs in our hands.223 It has been shown recently that 

CCL18 by itself induces in human monocytes an M2-like macrophage phenotype 

in absence of IL-4, resulting in production of IL-10 and an increased capacity for 

phagocytosis.224 Overall, these data lead to the conclusion that microglia exhibit 

distinct features of alternative activation, as indicated by specific gene expression 

profiles induced by the M2 mediators dexamethasone and IL-4. 

In summary, the present study demonstrates a new and robust method for 

rapid isolation and culture of primary human microglia from post-mortem brain tissue 

and offers new opportunities for fundamental studies on microglia biology. Moreover, 

it emphasizes the importance to perform functional assays on microglia immediately 

after isolation, as this excludes effects of phenotypic changes brought about by cul-

ture. Finally, our data shed new light on the phenotypic and functional properties of 

microglia in the human CNS, thereby contributing to future research on modulation 

of microglial functioning as a therapeutic intervention in neurological disorders.
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LPS LPS + IFNγ
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B C

Protein Database no. Primer sequence forward Primer sequence reverse
HLA-DR NM_019111 CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT
CD45 NM_002838.3 GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC
CD14 NM_000591.3 ACAGGGCGTTCTTGGCTCGC CGGGAAGGCGCGAACCTGTT
TNFα NM_000594 ATGTCCCAAGACAAGGGCAAGA GGGCAGTCAATGGTCAGATATTGA
CCR7 NM_001838.3 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT
CCL18 NM_0002988.2 CCCAGCTCACTCTGACCACT GTGGAATCTGCCAGGAGGTA
MR NM_002438 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT
CD200R NM_138806 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA
CD163 NM_004244.5 AAGACGCTGCAGTGAATTGCA GGATCCCGACTGCAATAAAGGAT
TLR4 NM_138554.4 TACAAAATCCCCGACAACCTC AGCCACCAGCTTCTGTAAACT
IFNγR1 NM_00416.2 CGATTATGATCCCGAAACTACCTGTT CTGAATCTCGTCACAATCATCTTCCT
IL-4R NM_000418.2 GCGTTTCCTGCATTGTCATCCT GGCTGGGTTGGGAATCTGAT
IL-13R NM_001560.2 TGCTATGAGGATGACAAACTCTGGAGTA CGACGATGACTGGAACAATGAGTAACAT
GR NM_001018077 GGATCCCGACTGCAATAAAGGAT CAACCGATCCACCTCACCTT

Supplementary figure 2   M1 and M2 responses of human monocyte-derived mac-
rophages. (A) Gene expression, as determined by qPCR analysis, after culture for 18 h with 
LPS alone, or in combination with IFNγ. (B) Gene expression after culture for 72 h with IL-4. 
Note the marked upregulation of MR and CD200R. (C) Gene expression after culture for 72 
h with dexamethasone. Note the limited upregulation of CCL18. Depicted are fold changes in 
mRNA levels after stimulation compared to those under basal culture conditions (n=2). Dotted 
lines indicate a two-fold change. Data shown represent median and interquartile range (do-
nors not depicted in table 1). Dex=dexamethasone

Supplementary table 1   Primer sequences used for gene expression analysis
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AbsTrAcT

Little is known about the functional phenotype of microglia in normal appearing white 

matter (NAWM) of multiple sclerosis (MS), although it may hold valuable clues about 

mechanisms for lesion development. Therefore, we studied microglia from NAWM 

obtained post-mortem from controls (n=25) and MS patients (n=21) for their pheno-

type ex vivo and their immune responsiveness in vitro, using a microglia isolation 

method that omits culture and adherence. By flow cytometry, microglia in MS NAWM 

displayed elevated CD45 levels and increased size and granularity, but were dis-

tinct from autologous choroid plexus macrophages by absent or low expression of 

additional markers, in particular CD206. Flow cytometric analysis of microglia from 

NAWM of 3 controls and 4 MS patients showed alterations in levels of Fc-gamma 

receptors in MS. In primary microglia from a bigger sample of subjects, analysis of 

Fc-gamma receptors by quantitative PCR indicated a significant increase in mRNA 

levels of the inhibitory CD32b isoform in MS NAWM. Despite their changed activa-

tion status, microglia from MS NAWM were unresponsive to LPS in vitro. Notably, 

culture with dexamethasone led to an impaired induction of the inflammation-limiting 

cytokine CCL18 in microglia from MS NAWM compared to those from control NAWM. 

Together, these data demonstrate that microglia in MS NAWM are in an alerted state, 

but display features of immunosuppression. Thus, the activation status of microglia 

in NAWM of MS patients likely reflects a response to ongoing neuroinflammation, 

which coincides with upregulation of immunoregulatory molecules to prevent full 

activation and damage to the vulnerable milieu.
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inTroducTion

Microglia in NAWM of MS have been reported to show subtle changes in inflam-

matory and neuroprotective pathways and indicated changes in their activation sta-

tus.119,120 Moreover, elevated CD45 expression on microglia was found to precede 

the onset of autoimmune demyelination in the mouse model of MS, experimental 

autoimmune encephalomyelitis (EAE), supporting the idea that changes in microgli-

al activation status represent a crucial step in the initiation of MS lesion pathology.225 

Therefore, detailed study of the phenotypic and functional properties of microglia in 

NAWM of MS patients may give insights into the events that lead to lesion develop-

ment and reveal targets for modulation of microglial functioning in MS.

We recently developed a method for rapid isolation of pure microglia from 

post-mortem human brain tissue that omits effects of prolonged culture and adher-

ence and therefore allows for observations on phenotypic and functional features 

of microglia that likely reflect their in vivo biology in a highly accurate way.226 Using 

this approach, we found that microglia display CD45 expression levels and scat-

ter characteristics that are significantly lower compared to those of autologous pe-

ripheral macrophages from the choroid plexus. Notably, the presence of peripheral 

inflammation at the time of dying coincided with a raise in CD45 protein levels on 

white matter (WM) microglia that went along with an increase in size and granularity, 

causing these parameters to overlap considerably with those of autologous cho-

roid plexus macrophages. However, microglia were still negative for CD14, CD200 

receptor (CD200R) and mannose receptor (CD206), in sharp contrast to choroid 

plexus macrophages. This showed that the two cell types display CD11b and CD45 

expression and scatter characteristics with variable degrees of overlap, but can still 

be separated from each other by the use of additional markers. Importantly, we 

showed that absent CD14 protein expression on primary human microglia coincided 

with a lack of responsiveness to bacterial lipopolysaccharide (LPS), indicative of a 

profoundly immunosuppressed state, whereas distinct responses to IL-4 and dexa-

methasone were found.226

We here used this robust procedure for isolation and immediate ex vivo 
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characterization of human microglia to study the activation status and immune re-

sponsiveness of microglia in NAWM of MS. Knowing that CD45 is a sensitive indi-

cator for microglial activation status in human and rodent brain, our first aim was 

to establish whether it may be used to assess phenotypic changes in microglia in 

NAWM of MS.198,199,226,227 For these experiments, we excluded subjects with system-

ic inflammation, as it is associated with phenotypic changes of microglia in mouse 

and human.226,228,229 To further define the activation status of microglia in NAWM of 

MS patients, we quantitatively studied expression of pattern recognition receptors, 

Fc-gamma receptors and molecules for T-cell co-stimulation, which were also se-

lected on the basis of their putative role in MS pathogenesis.230,231 Finally, we inves-

tigated in vitro responsiveness of primary microglia to LPS, IL-4 or dexamethasone, 

to determine their capacity for classical and alternative activation. We found that 

microglia in NAWM of MS patients are in a state of enhanced activation that concurs 

with suppression of pro-inflammatory immune responsiveness. 

MATeriAls & MeThods

Subjects and tissue 
Post-mortem brain tissue was provided by the Netherlands Brain Bank (www.brain-

bank.nl) of a total of 25 control and 21 MS brain donors (see table 1 for character-

istics). Informed consent was obtained for brain autopsy and the use of tissue and 

clinical information for research purposes. At autopsy, WM from corpus callosum 

and choroid plexus were dissected and stored in Hibernate A medium (Brain Bits 

LLC, Springfield, IL, USA) at 4ºC. Dissected WM was normal appearing by macro-

scopic examination and for MS brain tissue also according to post-mortem magnetic 

resonance imaging (MRI) scanning of 1-cm slices.232 For control subjects, mean 

age was 80 y (range 49–102 y), mean post-mortem delay (PMD) was 7:04 h (range 

4:05–18:30 h) and mean pH value of cerebrospinal fluid (CSF) was 6.6 (range 6.0–

7.7). For MS patients, mean age was 69 y (range 50–98 y), mean PMD was 9:26 h 

(range 7:05–10:50 h) and mean pH value of CSF was 6.4 (range 6.0–7.1). Due to 
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the post-mortem MRI and dissection of MS lesions, tissue from MS patients had a 

significantly longer PMD of about 2:20 h than that of control subjects (p <0.001; see 

table 2 for further characteristics). In addition, MS patients had a significantly lower 

age (p=0.02) and pH of CSF (p=0.03). 

Control subjects did not have neurological disorders, except for donors 2010-

058 (leucoencephalopathy) and 2011-090 (cervical dystonia). At the time of death, 

three subjects had peripheral inflammatory conditions that are known to coincide 

with peripheral elevation of pro-inflammatory cytokines, namely donor 2011-120 and 

2012-002 (both sepsis) and donor 2012-032 (pneumonia).233–235

Isolation procedure and experimental usage
Isolation procedures were started within 2 to 24 h after autopsy and were performed 

as described before.226 Briefly, tissue was meshed through a stainless steel sieve 

in a glucose-potassium-sodium buffer (GKN-BSA; 8 g/l NaCl, 0.4 g/l KCl, 1.77 g/l 

Na2HPO4.2H2O, 0.69 g/l NaH2PO4.H2O, 2 g/l D-(+)-glucose, pH 7.4) with 0.3% bo-

vine serum albumin (Roche Diagnostics GmbH, Mannheim, Germany), which was 

followed by enzymatic dissociation in 4 ml enzyme buffer (4 g/l MgCl2, 2.55 g/l CaCl2, 

3.73 g/l KCl and 8.95 g/l NaCl, pH 6-7), with 300 units/ml collagenase type I (Worth-

ington, Lakewood, NJ, USA) and 200 mg/ml DNase I (Roche Diagnostics GmbH) for 

1 h at 37°C while shaking. After erythrocyte lysis, cells were resuspended in 20 ml 

Percoll of ρ=1.03, underlain with 10 ml Percoll of ρ=1.095, overlain with 5 ml GKN-

BSA buffer and centrifuged for 35 min at 2500 rpm and 4ºC with slow acceleration 

and no break. The myelin layer on top of the ρ=1.03 Percoll phase was discarded, 

after which cells enriched for microglia were collected from the interface between 

ρ=1.095 and ρ=1.03 Percoll layer and transferred to a polypropylene coated 12-ml 

tube (Greiner Bio-One GmbH, Frickenhausen, Germany) for further use.

Flow cytometry to quantify CD11b, CD45 and scatter characteristics of microg-

lia isolated from NAWM was performed for the majority of subjects included in the 

study (see table 1 for detailed information). This was done on cells obtained directly 

after Percoll density gradient separation. In a number of cases (see table 1), analysis 

was also done on autologous macrophages from the choroid plexus. This allowed 
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for confirmation of the microglial phenotype of myeloid cells isolated from NAWM 

and enabled us to rule out any contribution of perivascular and/or peripheral blood 

cells to our analyses by flow cytometric analysis for distinguishing markers such as 

CD14 and CD206. After density gradient separation, depletion of granulocytes and 

followed by positive selection of microglia was done by magnetic-activated cell sort-

ing (MACS) according to the manufacturer’s protocol with respectively anti-CD15 

and anti-CD11b conjugated magnetic microbeads (Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany), leading to microglia isolates of around 99% purity. These cells 

were subsequently used for in vitro experiments or flow cytometric analysis for ad-

ditional myeloid markers.

Flow cytometry 

Quantification of CD11b and CD45 expression

In short, 1 x 105 cells in 100 μl GKN-BSA with 5% human pooled serum (HPS) 

were incubated in the dark for 30 min on ice with anti-human CD11b (clone ICRF44, 

labeled with PE; eBioscience, San Diego, CA, USA), CD45 (clone HI30, labeled 

with FITC; Dako, Glostrup, Denmark) and CD15 (clone HI98, labeled with APC; Bi-

olegend, San Diego, CA, USA) antibodies. Aspecific staining was determined using 

isotype control antibodies (clone P3, labeled with FITC or PE; eBioscience). As a 

viability dye, 7-amino-actinomycin D (7AAD; BD Biosciences) was added to each 

sample in 1:40 about 15 min prior to flow cytometric analysis. Flow cytometry was 

performed with identical instrument settings on a FACSCalibur machine (BD Bio-

sciences), which was calibrated at least once a week. Data were analyzed using 

FlowJo software version 8.7.1 (Treestar Inc. Ashland, OR, USA). 

Phenotyping for additional surface markers

Antibodies with the following specificities were used: anti-human CD32 (clone 3D3, 

labeled with PE), CD45 (clone 2D1, labeled with PerCP), CD80 (clone L307.4, 

labeled with PE), CD86 (clone 2311 (FUN-1), labeled with FITC), CD163 (clone 

GHI/61, labeled with PE), CD206 (clone 19.2, labeled with APC; all from BD Biosci-
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ences); CD16 (clone LNK16, labeled with AF647), CD200R (clone OX108, labeled 

with AF647; both AbD Serotec, Oxford, UK), CD64 (clone 10.1, labeled with AF488), 

HLA-DR (IgG2a, clone L243, labeled with AF488; both Biolegend), CD14 (clone 

61D3, labeled with PerCP-Cy5.5; eBioscience). Mouse isotype control antibodies 

(IgG1, clone MOPC-21, labeled with PerCP-Cy5.5, PE or APC; BD Biosciences; 

IgG2a, clone MOPC-173, labeled with AF488; Biolegend) were used to determine 

background staining. Flow cytometric analysis was performed on a FACSCanto ma-

chine (BD Biosciences) using FlowJo software.

Cell culture and stimulation
In a 96-wells plate (Greiner Bio-One), 1.0 x 105 MACS-isolated microglia were cul-

tured in a total volume of 200 µl Rosswell-Park-Memorial-Institute medium (RPMI) 

with 10% heat-inactivated HPS per well for 18 h with 100 ng/ml LPS (Salmonella 

minnesota R595; Alexis Biochemicals, Lausen, Switzerland) or for 72 h with 40 ng/

ml IL-4 (Peprotech, London, UK) or 2 nM dexamethasone (Sigma Aldrich, Zwijn-

drecht, The Netherlands). 

RNA isolation 
Primary or cultured microglia were harvested in 800 µl Trizol reagent (Invitrogen, 

Carlsbad, CA, USA) and stored at -80°C for later use. For gene expression in cul-

tured microglia cells, RNA was isolated using a modified protocol as described be-

fore, consisting of phase separation by addition of chloroform and centrifuging, after 

which the aqueous (top) phase was transferred to an RNeasy mini column (Qiagen, 

Hilden, Germany) followed by RNA extraction according to the manufacturer’s in-

structions.226

For gene expression analysis in NAWM of control subjects and MS patients, 

corpus callosum tissue samples snap-frozen at the start of the microglia isolation 

procedure were homogenized in 1 ml Trizol reagent (Invitrogen) using a T 10 basic 

Ultra Turrax (IKA Werke GmbH, Staufen, Germany). For these samples, as well the 

samples of primary microglia, RNA was isolated by overnight precipitation in isopro-

panol at -20ºC, using glycogen as a carrier. Concentration of all extracted RNA was 
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NBB Diag Age Sex PMD pH Death	  cause PI GC
2008-‐100 MS 77 F 10:00 6.5 Euthanasia No No
2009-‐012 Con 78 M 	  <17:20 6.52 Cardiac	  failure No No
2009-‐102 Con 92 F 6:55 6.24 General	  deterioration	  and	  cachexia No No	  
2010-‐005 MS 68 F 10:40 6.4 Euthanasia No No
2010-‐038 Con	   79 F 18:30 6.3 Cardiac	  failure No No
2010-‐045 MS 84 F 7:35 n/a Euthanasia No No
2010-‐058 Con	   98 M 5:50 6.54 Cachexia	  and	  decubitus	  after	  CVA No No
2010-‐062 Con	   94 F 5:50 7.04 Cachexia No No
2010-‐105 MS 83 M 7:50 6.4 Lung	  cancer No No
2010-‐108 MS 74 F 10:15 6.43 Cardio-‐respiratory	  insufficiency No No
2010-‐117 MS 60 F 10:40 6.48 Euthanasia No No
2011-‐008 MS 54 M 8:15 6,39 Euthanasia No No
2011-‐021 Con 85 F 7:05 n/a Renal	  insufficiency No No
2011-‐035 MS 50 F 7:35 6.45 Euthanasia No No
2011-‐039 Con 91 F 4:15 6.5 Cardiac	  failure No No
2011-‐044 Con 51 M 7:45 7.05 Suicide	  by	  withering No No
2011-‐046 Con 89 F 4:45 6.76 Euthanasia No No
2011-‐048 MS 53 M 10:00 6.38 Euthanasia No No
2011-‐049 Con 83 F 4:40 6.04 Metastasized	  pancreas	  carcinoma	  with	  ileus No n/y/a
2011-‐059 Con 84 F 6:05 7.65 Interstitial	  lung	  disease No Yes
2011-‐069 Con 49 M 6:15 6.23 Euthanasia No Yes
2011-‐070 Con 87 F 7:00 6.72 Cardiac	  failure No No
2011-‐072 Con 76 F 7:15 6.87 Cardiac	  arrest No Yes
2011-‐077 MS 66 F 9:35 6.45 Euthanasia No No
2011-‐081 Con 58 M 7:30 6.88 Euthanasia	  with	  metastasized	  esophagus	  carcinoma No Yes
2011-‐087 MS 62 F 12:35 	  n/a Exhaustion	  and	  respiratory	  insufficiency No No
2011-‐089 MS 64 M 7:30 6.49 Euthanasia No No
2011-‐090 Con 85 F 8:25 6.51 Dehydration,	  cachexia No Yes
2011-‐091 Con 57 M 6:45 6.31 Lung	  cancer No No
2011-‐093 MS 67 M 10:10 7.1 Suicide	  by	  auto-‐intoxication No No
2011-‐100 MS 89 F 7:05 6.32 Cachexia No No
2011-‐105 Con 95 F 5:15 6.44 Euthanasia No No
2011-‐120 MS 73 M 8:45 6.4 Urosepsis	  and	  pneumonia Yes No
2012-‐002 Con 55 M 7:15 n.b. Sepsis	  due	  to	  intestinal	  ischemia Yes No
2012-‐005 Con 83 F 5:35 6.68 Cardiac	  failure No No
2012-‐008 MS 66 F 10:45 6.73 Pulmonary	  hypertension No No
2012-‐027	  ¶ MS 54 F 9:20 6.27 Cardiac	  failure No n/y/a
2012-‐032 MS 80 F 9:45 6.42 Pneumonia	  and	  cachexia Yes n/y/a
2012-‐043 MS 54 M 10:50 6.26 Euthanasia No n/y/a
2012-‐052 Con 64 F 5:40 6.35 Lung	  carcinoma	  and	  pneumothorax No n/y/a
2012-‐056 MS 78 M 8:45 6.41 Euthanasia No n/y/a
2012-‐062 Con 88 M 5:40 7.3 Intestinal	  ischemia No n/y/a
2012-‐064 MS 98 F 10:00 6.4 n/y/a n/y/a n/y/a
2012-‐067 Con 102 M 5:00 6.64 Ileus No n/y/a
2012-‐070 Con 79 M 5:45 6.38 Euthanasia No n/y/a
2012-‐071 Con 67 F 7:40 6.47 Euthanasia No n/y/a

Table 1   Overview of included subjects

NBB=NBB donor registration number; Diag=clinical diagnosis; PMD=post-mortem delay; 
pH=pH value of cerebrospinal fluid; PI=peripheral inflammation at time of death; GC=glu-
cocorticoid treatment in 3 months prior to death; Figure=figure that depicts the data derived
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determined using a nanodrop (ND-1000; NanoDrop Technologies, Rockland, DE, 

USA).

cDNA synthesis
For all gene expression analyses, synthesis of cDNA was done using the Quantitect 

Reverse Transcription Kit (Qiagen) according to the manufacturer’s protocol. For all 

samples, equal RNA inputs were used in a total volume of 12 µl RNAse free water. 

After addition of 2 µl gDNA wipeout buffer (7x), samples were incubated at 42°C for 

2 min. After addition of the master mix with RT enzyme, buffer and RT primer mix, 

samples were incubated at for 15 min at 42°C and for 3 min at 95°C. Samples were 

subsequently stored at –20°C until further use. 

Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction (qPCR) was done with the 7300 

Real Time PCR System (Applied Biosystems). The amount of cDNA used per re-

action was based on an input of 4 to 6 ng original RNA in a final volume of 20 µl. 

Per reaction, 10 µl SYBRgreen PCR Master Mix (Applied Biosystems), and 2 µl 

primermix (2 pmol/µl) was added. Expression of selected genes was normalized to 

references genes 18S and GAPDH; efficiencies (E) of primerpairs were determined 

using LinRegPCR software. Absolute expression was calculated as: E-CT target gene / 

E-CT reference gene.

An overview of the forward and reverse primers used for qPCR is present in 

the supplementary data. Primers were intron-spanning, except those for CCL18 and 

CCR7, and were designed with the primerS in-house software package for qPCR 

primer design.236 
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from the donor; nd=not determined; n/a=not available; n/y/a=not yet available; ¶=white matter 
dissected from corpus callosum contained macroscopic MS lesion of unknown activity.

< Table 1 legend continued
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Statistical analysis
Statistical analysis was performed with GraphPad Prism software (version 5). 

Mann-Whitney U tests were performed to compare CD45 and CD11b geoMFI values 

between microglia from NAWM of control subjects and MS patients. The same test 

was used to compare mRNA expression levels between unstimulated microglia and 

microglia cultured with LPS, IL-4 or dexamethasone. Correlations were calculated 

using the Spearman’s non-parametric correlation test. For all analyses, a p-value 

<0.05 was considered statistically significant. For analysis of gene expression pro-

files induced in microglia by LPS, IL-4 and dexamethasone, only changes of more 

than two-fold were considered significant. 

resulTs

Microglia in NAWM of MS patients display an enhanced activation status
Microglia from NAWM of both control subjects and MS patients could be discriminat-

ed from non-myeloid brain cells by CD11b expression and showed a 2-fold lower ex-

pression of CD45 and decreased forward and side scatter signals when compared 

to autologous macrophages from the choroid plexus (figure 1A and B). Compared to 

those from control subjects, microglia from MS patients displayed elevated CD45 ex-

pression levels (p=0.015) and exhibited markedly higher signals for forward and side 
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< Figure 1   Flow cytometric analysis of microglia from NAWM and macrophages from 
the choroid plexus in control subjects and MS patients. (A) Phenotypes of microglia from 
NAWM and choroid plexus macrophages, encircled in red, as indicated by ex vivo flow cyto-
metric analysis for CD11b and CD45 expression in a control subject and an MS patient. The 
lower row depicts forward and side scatter profiles of red encircled populations in the upper 
panels and indicates the morphological changes of microglia in normal appearing white matter 
of MS patients. (B) Quantification of CD45 expression indicates microglia from NAWM con-
sistently display a CD45low phenotype when compared to autologous macrophages isolated 
from the choroid plexus in control subjects as well as MS patients. (C) Quantification of CD45 
expression and scatter signals shows that microglia from NAWM of MS patients display a 
highly significant elevation in CD45 levels and scatter signals. (D) Flow cytometric analysis 
for additional surface markers indicates that microglia in NAWM of MS patients can be dis-
tinguished from choroid plexus macrophages by lower levels of CD14, CD32 expression and 
absent expression of CD200R and CD206. FSC=forward scatter; SSC=side scatter; geoM-
FI=geometric mean fluoresence intensity; Mφ=choroid plexus macrophages; *p <0.05, **p 
<0.01, ***p <0.001
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Figure 2   CD45 expression on ex vivo microglia from NAWM correlates to mRNA levels 
for innate inflammation markers in callosal parenchyma. Out of four markers known to 
be associated with levels of innate inflammation in the brain, mRNA levels of CD14 and IL-1β 
were correlated, in the latter case with a trend towards significance, to CD45 protein levels 
as determined by flow cytometry on ex vivo microglia from NAWM in control subjects and MS 
patients.

> Figure 3 Alterations in expression levels of Fc-gamma receptors on microglia in 
NAWM of MS  patients. (A) Histogram overlays of CD14, CD16, CD32, CD64 and CD86 
expression, as determined by ex vivo flow cytometry on microglia from NAWM of five donors 
with various clinical backgrounds. Open histograms represent stainings with the specified 
antibodies and shaded histograms represent stainings with appropriate isotype control an-
tibodies. Graphs at the bottom of each column indicate quantified expression of the various 
surface markers. Expression of CD14 was detected in all MS cases and control subjects 
with peripheral inflammation. Notably, microglia from NAWM of the MS patient without PI 
displayed high CD32 expression and low CD16 expression, whereas the opposite was seen 
for microglia from NAWM of both subjects with PI, which was even more pronounced in cells 
isolated from WM with MS lesion pathology. (B) Scatter plots for quantified CD16, CD32 and 
CD64 expression, determined by flow cytometry in 3 control and 4 MS brain donors. Note 
the inverse correlation between CD16 and CD32, respectively the activating and inhibitory 
Fc-gamma receptor, and the positive correlation between CD16 and CD64, both of which are 
activating Fc-gamma receptors. PI=peripheral inflammation; WM=white matter; geoMFI=ge-
ometric mean fluorescence intensity
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scatter characteristics (p <0.001; figure 1C). No correlations were present between 

CD45 expression and PMD, pH or age. When analyzed for control subjects and MS 

donors together, scatter characteristics correlated with PMD (r=0.537, p=0.006), but 

not with pH or age. This suggests that PMD may have confounded the differences in 

scatter characteristics of microglia from NAWM of control subjects and MS patients, 

as PMD was longer in MS patients. However, microglial scatter signals and PMD 

did not correlate when analyzed for control subjects only (r=-0.222, p=0.446, n=14), 

indicating that PMD does not have a major impact on scatter features of microglia. 

Expression of CD45 correlated with scatter characteristics (r=0.568, p=0.003), re-

vealing that elevated CD45 expression and morphological alterations coincide in 

microglia from NAMW of MS patients, which together demonstrate an enhanced 

activation status of these cells. Importantly, phenotyping for additional surface mark-

ers revealed that microglia from NAWM could be well distinguished from autologous 

choroid plexus macrophages, even in MS patients, by absent CD206 expression 

and much lower expression of CD14, CD32, and CD200R on microglia (figure 1D).

To find out to what extent microglial activation status is associated with the 

inflammatory state of the surrounding tissue, we investigated whether CD45 protein 

levels on isolated microglia related to mRNA levels of markers for innate inflamma-

tion in callosal parenchyma. We found that CD45 protein expression correlated to 

CD14 (r=0.637, p=0.014) and with a trend towards significance to IL-1β (r=0.458, 

p=0.086) mRNA levels (figure 2), suggesting that the enhanced microglial activation 

status goes along with elevated local synthesis of these pro-inflammatory molecules.

Altered expression levels of Fc-gamma receptors on microglia in NAWM of MS 

patients
To get a first indication whether the activation status of microglia in NAWM of MS 

patients is associated with altered expression of additional myeloid markers, we 

studied microglia from NAWM of control subjects and MS patients for expression 

of the pattern recognition receptors CD14, CD163 and CD206, the Fc-gamma re-

ceptors CD16, CD32 and CD64, the immunoregulatory CD200R and molecules for 

T-cell co-stimulation CD80 and CD86. This explorative analysis was performed in a 
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limited number of subjects that differed with respect to the presence of peripheral in-

flammatory conditions while dying, which was previously demonstrated by our group 

to be associated with phenotypic alterations of human microglia.226 Therefore, data 

are depicted separately for all included subjects in figure 3. Expression of CD14 was 

detected only in cases with MS and/or marked peripheral inflammation at the time 

of dying (figure 3A). Only in one MS case, low expression of CD163 was observed 

on microglia from NAWM, whereas expression of CD206 was totally absent on all 

microglia isolated from NAWM of control subjects and MS patients (data not shown). 

Levels of CD80 were undetectable in all cell isolates, while expression of CD86 was 

marginal and highly similar in all analyses. Expression of CD200R was found to be 

marginal at most (data not shown). In contrast, expression of Fc-gamma receptors 

was detected on all cell isolates and was modulated on microglia from NAWM of MS 

patients. Of note is that CD16 expression was high and CD32 expression low in mi-

croglia from NAWM of subjects with peripheral inflammation, which was even more 

pronounced in cells isolated from WM with MS lesion pathology (figure 3A). Expres-

sion levels of the activating Fc-gamma receptors CD16 and CD64 were correlated 

to each other (r=0.893, p=0.012). In contrast, expression of the inhibitory Fc-gamma 

receptor CD32 was inversely correlated to expression of CD16 (r=-0.738, p=0.048) 

and CD64 (r=-0.571, p=0.200), though in the latter case not significantly (f igure 

MICroglIa In norMal-appearIng whIte Matter of Ms

Figure 4   Significantly elevated expression of the inhibitory isoform of CD32 in micro-
glia from NAWM of MS patients. Gene expression, as determined by qPCR analysis, in ex 
vivo microglia from NAWM of control subjects and MS patients indicates for CD16, the CD32 
isoforms CD32a and CD32b and CD64. Interestingly, microglia from NAWM of MS patients 
had higher levels of CD32b, the isoform that specifically confers the inhibitory downstream 
effect of CD32 on cellular immune activation. Horizontal bars represent the median and inter-
quartile range. * p <0.05
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3B). Apparently, expression of CD14 and the Fc-gamma receptors CD16, CD32 and 

CD64 is related to microglial activation status in NAWM, in contrast to that of CD80 

and CD86. 

Having found changes in expression levels of Fc-gamma receptors on microg-

lia in NAWM of individual MS patients by flow cytometry, we studied expression of 

these molecules by qPCR in primary microglia isolates of 9 control subjects and 7 

MS patients without any indications of peripheral inflammation to investigate whether 

consistent differences would be present in expression levels of Fc-gamma receptors. 

Interestingly, we observed a specific mRNA increase of the inhibitory CD32b isoform 

(p=0.044) in microglia from NAWM of MS patients compared to those from NAWM 

of control subjects, whereas mRNA levels of CD16, CD32 and CD64 were unaltered 

(figure 4). Apparently, the enhanced activation status of microglia in NAWM of MS 

patients coincides with a specific upregulation of the immunosuppressive Fc-gam-

ma receptor CD32b.

Unresponsiveness to LPS and altered glucocorticoid responsiveness in mi-

croglia from normal appearing white matter of MS
The finding that NAWM in control subjects and MS patients harbors microglia with 

phenotypic changes associated with an altered activation status raised the question 

whether this is also reflected in their responses towards pro- and anti-inflammatory 

stimuli. Therefore, we investigated responses to LPS, IL-4 and dexamethasone of 

primary microglia from control subjects and MS patients without any peripheral in-

flammation. Intriguingly, a lack of responsiveness to culture for 18 h with LPS was 

seen in primary human microglia from NAWM of both control subjects as well as MS 

MICroglIa In norMal-appearIng whIte Matter of Ms

< Figure 5   Lack of LPS-responsiveness in primary microglia from NAWM of control 
subjects and MS patients. Gene expression, as determined by qPCR analysis, in primary 
microglia cultured in the presence of LPS, IL-4 or dexamethasone. Note the absent upreg-
ulation of TNFα and CCR7 after culture with LPS and the specifically impaired induction of 
CCL18 after culture with dexamethasone. Bars represent median and interquartile range. 
#=p<0.05 for changes in gene expression in stimulated microglia compared to controls con-
ditions (medium only); **=p<0.01 for differences in fold change of gene expression between 
stimulated microglia from NAWM of control subjects and MS patients.
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patients, as induction of TNFα and CCR7 mRNA was absent (figure 5). Thus, the 

insensitivity of microglia to LPS, as recently described by us in NAWM of healthy 

subjects, was still conserved in MS NAWM.226

In contrast, microglia from control and MS NAWM displayed distinct respons-

es to anti-inflammatory stimuli. Culture of microglia with IL-4 upregulated CCL18 

in microglia from NAWM of control subjects and, with a trend towards significance 

(p=0.063) in those from NAWM of MS patients. CCL18 is a chemokine that is asso-

ciated with alternative activation by IL-4 in macrophages.207 In both control and MS 

microglia, IL-4 increased CD200R expression, yet not significantly, probably as a 

consequence of low power due to sometimes undetectable mRNA levels in microglia 

cultured in medium only.222 Moreover, IL-4 induced the alternative activation marker 

dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN, CD209) in microglia 

from NAWM of control subjects and MS patients.237 In contrast, culture of microglia 

from NAWM of control subjects and MS patients with IL-4 did not upregulate CD206, 

though it is strongly associated with IL-4 induced alternative macrophage activa-

tion.238 Overall, no differences were observed for IL-4 induced immune responses 

between microglia from NAWM of control subjects and MS patients. 

Culture of microglia with dexamethasone led to a significant upregulation of 

CD163, CD206 and CCL18. Interestingly, the latter was induced up to a 27-fold in 

microglia from control NAWM, but only about 3-fold in microglia from MS NAWM (p 

<0.05). At the same time, basal expression levels of CD163, CCL18 and the glu-

cocorticoid receptor (GR) after 72 h of culture did not differ from those of controls 

(data not shown). To find out whether basal or glucocorticoid-induced expression of 

CCL18 was affected by microglial activation status, we studied its relation with CD45 

levels as determined by flow cytometry. We found that CD45 expression levels cor-

related negatively, with a trend towards significance, with fold induction of CCL18 

in microglia cultured for 72 h with dexamethasone (r=-0.635, p=0.096) but not with 

basal CCL18 mRNA levels at the same time point (r=0.151, p=0.957). 
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discussion 
This study identifies in microglia from NAWM of MS patients an enhanced activa-

tion status, indicated by increases in size, granularity and CD45 expression that 

coincides with elevated expression of CD32b and in vitro unresponsiveness to LPS. 

From this we conclude that microglia in NAWM of patients are in a state of alertness, 

defined by their activated appearance, that includes features of immunosuppres-

sion. Possibly, this alerted state represents a protective mechanism against ongo-

ing neuroinflammation that concurs with enhanced expression of immunoregulatory 

molecules CD45 and CD32b to prevent unwanted damage to the highly vulnerable 

neuronal milieu. Our observations to some extent fit the concept of microglial prim-

ing.239,240 This concept was originally described in a rodent model of prion disease 

in which microglia displayed an activated morphological appearance and expressed 

the anti-inflammatory cytokine transforming growth factor-beta (TGFβ) under basal 

conditions, which was followed by excessive microglial production of pro-inflamma-

tory cytokines upon induction of systemic inflammation by peripheral LPS injection. 

Morphological changes and upregulation of immunoregulatory molecules also char-

acterize the phenotype of microglia in NAWM of MS patients. However, we did not 

find any differences in TGFβ mRNA levels in microglia from NAWM of control subject 

and those of MS patients cultured under basal conditions for 72 h. Notably, we ob-

served in these cells an absence of in vitro LPS responsiveness at 18 h. It therefore 

remains to be elucidated whether microglia alertness in NAWM of MS patients, as 

defined in this study, is indeed in line with the idea of priming. Importantly, microglia 

in NAWM of MS patients might still be more sensitive to superimposed immune 

challenges that coincide with ligation by other ligands than LPS, such as cytokines 

secreted by CNS-homing (autoreactive) T cells or perivascular macrophages during 

systemic inflammatory episodes. In line with this, clinical exacerbations of MS are 

associated with the occurrence of peripheral inflammation, which in its turn is known 

to induce phenotypic alterations of microglia in mouse and human.226,228,229 

The phenotypic changes of microglia from NAWM of MS patients that we found 

by ex vivo flow cytometry are in line with studies reporting an enhanced microglial 
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activation status  based on increased in situ HLA-DR and CD68 expression detected 

by semi-quantitative analysis.16,241 Moreover, increased microglial CD45 expression, 

granularity and size has also been found to be an early event in EAE that precedes 

further cellular differentiation and onset of autoimmunity.225 This is in line with our 

finding that quantified CD45 expression and scatter characteristics of microglia were 

correlated to each other, indicating that CD45 upregulation in microglia coincides 

with morphological alterations. In agreement with data from immunohistochemical 

studies, CD14 expression was absent on control microglia in the absence of pe-

ripheral inflammation.242 However, CD14 was expressed by microglia isolated from 

NAWM  of MS patients and control subjects with peripheral inflammation, as was 

also reported by in situ studies on NAWM of MS and virus-associated encephalitis 

patients.198,243,226 

We carefully investigated our data for possible confounding effects of age, 

PMD and pH by correlation analysis. This was also done in control subjects only, 

to find out whether effects could be observed independent of MS pathology. None 

of the parameters described by us correlated to age or pH, which makes clear that 

findings reported in this study were not affected by pH or potential age-related alter-

ations in microglial phenotypes. Moreover, potential confounding effects of system-

ically elevated pro-inflammatory cytokine levels on microglial activation status were 

eliminated from group-wise comparisons by exclusion of cases with peripheral or 

systemic inflammation at the time of dying. 

The undetectable expression of CD80 and low levels of CD86 expression on 

all cell isolates, consistent with previous reports, indicate that microglial alertness in 

NAWM of MS patient is not associated with an enhanced potential for CD4+ T-cell 

(co-)stimulation and activation.215,244,245 Microglia were negative for CD206 in all phe-

notyping experiments, in contrast to autologous choroid plexus macrophages, which 

points out that the presence of perivascular and/or peripheral macrophages in mi-

croglia isolates used for our experiments can be ruled out. 

Modulation of Fc-gamma receptor expression levels was observed on mi-

croglia from NAWM of MS patients. Earlier studies have shown that Fc-gamma 

receptors on cultured human microglia mediate cytotoxicity and phagocytosis of 
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antibody-coated targets and both myelin and axonal components have been iden-

tified as targets for autoantibodies in MS.27,231,246,247 Therefore, triggering of pro-in-

flammatory and toxic microglial effector responses by binding of antigen–antibody 

complexes to Fc-gamma receptors may very well be an important mechanism un-

derlying MS lesion pathogenesis and neuronal damage. Indeed, expression of IgG 

antibody-binding receptors CD16, CD32 and CD64 was found to be increased in 

active lesions.246 Thus far, the relative expression levels of Fc-gamma receptors 

on microglia in NAWM of control subjects and MS patients was unknown, though 

they can be affected by the presence of neurodegenerative pathology and periph-

eral inflammation.229,248 Flow-cytometric analysis gave a first indication of modulated 

Fc-gamma receptor expression on human microglia isolated from NAWM of control 

subjects and MS patients with and without peripheral inflammation. The correlation 

between the activating receptors CD16 and CD64 and the inverse correlation be-

tween CD16 and the inhibitory receptor CD32 suggested that modulation of Fc-gam-

ma receptors is associated with microglial activation status. We therefore performed 

gene expression analysis in a well-powered sample of subjects, which allowed us 

to investigate for consistent differences between microglia from NAWM of controls 

subjects and MS patients, while excluding possible confounding effects of periph-

eral inflammation. These experiments revealed a specific increase in expression of 

CD32b, which contains an immunoreceptor tyrosine-based inhibitory motif (ITIM) in 

its cytoplasmic tail that confers a suppressive downstream effect on cellular immune 

activation.249 The enhanced expression of the inhibitory CD32b in NAWM of MS pa-

tients may contribute to the absence of LPS responsiveness, as it has been found to 

suppress TLR4-mediated immune responses.250 

Though commonly referred to as a marker for microglia activation, CD45 itself 

is an immunoregulatory molecule that transmits an immunosuppressive effect upon 

interaction with CD22 on neurons and has been reported to inhibit LPS-induced 

TNFα production by microglia in vitro.251 Apparently, the phenotypic changes of mi-

croglia in NAWM of MS patients do not represent a type of pro-inflammatory activa-

tion, but rather a state of alertness that actually acts to oppose full-blown microglia 

activation and neurotoxicity. 
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Unresponsiveness to LPS could be a feature of microglia that is shared with 

other tissue-specific myeloid cells. A good example are intestinal macrophages, 

which exhibit very low expression levels for many pattern recognition receptors, 

lack CD14 expression and exhibit inflammatory anergy towards many pathogen-de-

rived ligands.252 Previous data from out group indicated that LPS-responsiveness 

is instigated in microglia isolated from control NAWM upon short-term culture that 

coincides with marked upregulation of CD14.206,226 Responsiveness of microglia to 

pathogen-derived patterns other than LPS remains to be tested. Importantly, though 

pro-inflammatory cytokine production was absent upon LPS stimulation for 18 h, 

primary microglia from both control subjects and MS patients responded to IL-4 

and dexamethasone at the same time point. This indicates that unresponsiveness 

of the cells to LPS cannot be attributed to an overall refractory state induced by 

the isolation procedure, suggesting that pro-inflammatory anergy might be a con-

stitutive feature of microglia, similar to what is described for other tissue-specific 

myeloid cells.252 IL-4 and dexamethasone are both well-known inducers of alterna-

tive activation in macrophages. Responsiveness of microglia to IL-4 was indicated 

by upregulation of CCL18 and CD209, whereas no induction of CD206 was ob-

served, although the latter is an established marker for alternative macrophage ac-

tivation.84,253,222 Apparently, CD206 distinguishes microglia from macrophages in situ, 

ex vivo and after alternative activation by IL-4.80,143 Importantly, culture of microglia 

with dexamethasone revealed a specific impairment of CCL18 induction in microglia 

from NAWM of MS patients, which may bear relevance for glucocorticoid therapy in 

MS. This was not due to reduced glucocorticoid responsiveness, as microglia from 

NAWM of control subjects and MS patients showed a similar upregulation of CD163, 

which is a well-known glucocorticoid-induced marker. Marked dexamethasone-in-

duced CLL18 expression observed in microglia from NAWM of control subjects, has 

not been described for human macrophages before.223 Indeed, CCL18 was only 

weakly induced by dexamethasone in human monocytes-derived macrophages in 

our hands.226 Interestingly, CCL18 is one of the most abundant chemokines secreted 

by immature dendritic cells that preferentially attracts naïve and memory T cells and 

induces in these cells a CD4+CD25+FoxP3+ regulatory T-cell phenotype.254–256 As 

such, CCL18 might be a essential factor for suppression of local pro-inflammatory 
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immune responses in the CNS.

In conclusion, this study demonstrates that microglia in NAWM of MS patients 

are in an alerted but immunosuppressed state, characterized by elevated expres-

sion of the immunoregulatory molecules CD45 and CD32b, and apparent LPS-un-

responsiveness. We postulate that the alerted but immunosuppressed phenotype 

of microglia in NAWM of MS patients represents a protective mechanism against 

ongoing neuroinflammation and neurodegeneration and that the relative expression 

of Fc-gamma receptors may be a determining factor in the transition of microglia 

from a resting phenotype to a state of alertness and ultimately full cellular activation. 

Secondary immune challenges, such as autoreactive T cells or systemic elevation of 

pro-inflammatory cytokines, may alter the phenotype of these alerted microglia in a 

way that makes them prone to full-blown activation and initiation of new MS lesions. 

Genome-wide profiling studies should be performed to define the exact nature of 

microglial alertness in NAWM of MS patients, which might produce valuable insight 

into the pathogenic mechanisms that underlie lesion development and may provide 

therapeutic opportunities for modulation of microglial functioning in MS.
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Controls MS	  patients	  
(n=14) (n=12)

Age	  (y) 84.0	  (58	  –	  88) 65.0	  (55	  –	  79)
PMD	  (h:m) 6:30	  (5:10	  –	  7:10) 9:20	  (7:25	  –	  10:25)
pH	  CSF 6.7	  (6.2	  –	  6.9) 6.4	  (6.4	  –	  6.5)

Supplemental table 1   Characteristics of subjects included for flow cytometric analysis of 
CD11b and CD45 expression and scatter features. 

Supplemental table 2   Overview of primers used for gene expression analysis

Gene NCBI	  database	  no. Primer	  sequence	  forward Primer	  sequence	  reverse
HLA-‐DR NM_019111 CCCAGGGAAGACCACCTTT CACCCTGCAGTCGTAAACGT
PTPRC NM_002838.3 GCAGCTAGCAAGTGGTTTGTTC AAACAGCATGCGTCCTTTCTC
CD14 NM_000591.3 ACAGGGCGTTCTTGGCTCGC CGGGAAGGCGCGAACCTGTT
TNF NM_000594 ATGTCCCAAGACAAGGGCAAGA GGGCAGTCAATGGTCAGATATTGA
CCR7 NM_001838.3 	  TGAGGTCACGGACGATTACAT 	  GTAGGCCCACGAAACAAATGAT
CCL18 NM_0002988.2 CCCAGCTCACTCTGACCACT GTGGAATCTGCCAGGAGGTA
MRC1 NM_002438 TGCAGAAGCAAACCAAACCTGTAA CAGGCCTTAAGCCAACGAAACT
CD200R1 NM_138806 GAGCAATGGCACAGTGACTGTT GTGGCAGGTCACGGTAGACA
CD163 NM_004244.5 AAGACGCTGCAGTGAATTGCA GGATCCCGACTGCAATAAAGGAT
TLR4 NM_138554.4 	  TACAAAATCCCCGACAACCTC 	  AGCCACCAGCTTCTGTAAACT
IL4R NM_000418.2 GCGTTTCCTGCATTGTCATCCT GGCTGGGTTGGGAATCTGAT
IL13R NM_001560.2 TGCTATGAGGATGACAAACTCTGGAGTA CGACGATGACTGGAACAATGAGTAACAT
NR3C1 NM_001018077 GGATCCCGACTGCAATAAAGGAT CAACCGATCCACCTCACCTT
CD16 NM_001127596.1 AGAATGGCAAAGGCAGGAAGT AAAAGCCCCCTGCAGAAGTAG
CD32a NM_001136219.1 GTGGTCATTGCGACTGCTGTA AGCCTTCACAGGATCAGTGGAA
CD32b NM_004001.4 CCACTAATCCTGATGAGGCTGACA TCATCAGGCTCTTCCAGAGCAT
CD64 NM_000566.3 AGGTGTCATGCGTGGAAGGATA TGGTGAGGTTAGAATTCCAGTGGAA
IL1B NM_000576.2 CCAGCTACGAATCTCGGACCACC TTAGGAAGACACAAATTGCATGGTGAAGTC
IL6 NM_000600.3 CAGCCACTCACCTCTTCAGAA TGCCTCTTTGCTGCTTTCACA
TGFB2 NM_003238 GCTGGAGCATGCCCGTATTTAT CGCAGCAAGGAGAAGCAGAT

CD209 NM_021155.3 GATTCCGACAGACTCGAGGA CCTGACTTATGGAGCTGGGG
IL10 NM_000572.2 TGCCTTCAGCAGAGTGAAGACTT TCCTCCAGCAAGGACTCCTTTA

Values are provided as median with interquartile 
range; PMD = Post-mortem delay; pH = pH value of 
cerebrospinal fluid.
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AbsTrAcT

Inter-individual differences in cortisol production by the hypothalamus–pituitary–ad-

renal (HPA)-axis are thought to contribute to clinical and pathological heterogene-

ity of multiple sclerosis (MS). At the same time, accumulating evidence indicates 

that MS pathogenesis may originate in the normal-appearing white matter (NAWM). 

Therefore, we performed a microarray analysis on post-mortem NAWM of 9 control 

subjects and 18 MS patients to investigate whether gene expression reflects dis-

ease heterogeneity and HPA-axis activity. In MS patients, activity of the HPA-axis 

was determined by measuring cortisol levels in cerebrospinal fluid (CSF), while du-

ration of MS served as indicator of disease severity. By weighted gene co-expres-

sion network analysis (WGCNA) and linear regression analysis, differential gene 

expression was found to be mostly related to HPA-axis activity, as well as to sever-

ity of MS. Molecular profiles associated with high HPA-axis activity and relatively 

mild MS were characterized by increased expression of genes that actively regulate 

inflammation, and by molecules involved in myelination, anti-oxidative mechanism 

and neuroprotection. The data indicate that HPA-axis activity strongly impacts on 

molecular mechanisms in NAWM of MS patients, but partly also independently of 

disease severity. Notably, this study yields various molecular targets that are eligible 

for functional assessment of their therapeutic potential by preventing lesion forma-

tion in NAWM of MS. 
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inTroducTion

Multiple sclerosis (MS) is a chronic neurodegenerative disease that is hallmarked by 

the presence of inflammatory demyelinating lesions in the white matter. Therefore, 

major efforts have been dedicated to identifying the molecular mechanisms that are 

at play during formation and expansion of MS lesions.17,257,258 Related to this, there 

is an increasing interest for normal-appearing white matter (NAWM) as starting point 

of MS pathogenesis, and it was found to contain numerous cellular and molecular 

changes in inflammatory and neuroprotective pathways.15,120,193 Studying these path-

ways may lead to identification of events that precede or determine permissiveness 

for development of new MS lesions.32,259

Clinical and pathological heterogeneity is one of the most striking features of 

MS.17,37,260 A factor considered to be associated with heterogeneity of MS is activity 

of the hypothalamus–pituitary–adrenal (HPA)-axis.89,90,95,96,170 Recently, we found in a 

post-mortem study on 42 MS patients that high levels of cortisol in the cerebrospinal 

fluid (CSF) were associated with slow disease progression, in particular in females 

with secondary progressive MS (SPMS), whereas patients with low cortisol levels 

had fast disease progression, greater numbers of active lesions and less remyelin-

ated plaques.11 Moreover, NAWM of female SPMS patients with high cortisol levels 

displayed elevated expression of glucocorticoid-responsive genes, such as CD163, 

and decreased expression of pro-inflammatory genes, such as tumor necrosis factor, 

when compared to NAWM of patients with low cortisol levels. These data indicate 

that high HPA-axis activity, by means of cortisol hypersecretion, impacts on molecu-

lar mechanisms in the NAWM in such a way that it reduces permissiveness for lesion 

development. Defining the molecular and cellular pathways induced in the NAWM by 

cortisol levels may therefore yield targets for development of therapeutic strategies 

to slow down or halt MS progression.

The heterogeneity of MS has been established at the clinical, radiological and 

neuropathological level.17,260 In addition, one earlier study on genome-wide expres-

sion in MS NAWM showed an upregulation of genes involved in anti-inflammatory 

mechanisms in oligodendrocytes and increased mRNA levels of pro-inflammatory 
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molecules.120 However, no study thus far addressed the question whether and to 

what extent gene expression profiles in NAWM of MS patients reflect disease sever-

ity and/or HPA-axis activity. Here, we performed a microarray analysis of post-mor-

tem NAWM of 18 female subjects with secondary progressive MS that displayed 

a strong heterogeneity in disease severity and HPA-axis activity. This allowed to 

investigate gene expression in relation to disease severity and/or HPA-axis activity. 

The data indicate that HPA-axis activity strongly impacts on molecular mechanisms 

in NAWM of MS patients, but partly also independently of molecular pathways asso-

ciated with disease severity.

MATeriAls And MeThods

Brain tissue
Snap-frozen tissue from control and MS brain donors was obtained from the Neth-

erlands Brain Bank (NBB), Amsterdam, The Netherlands. Informed consent was ob-

tained for brain autopsy and the use of tissue and clinical information for research 

purposes. Exclusion criteria were death due to sepsis and glucocorticoid treatment 

within 8 weeks prior to death. Clinical diagnoses of MS were confirmed by a neurolo-

gist (Prof. C.H. Polman, VUmc, Amsterdam or Dr. S. Luchetti, NIN, Amsterdam, The 

Netherlands). An overview of the pathological and clinical data of the brain donors 

is depicted in table 1.

Quantification of CRH-producing neurons and cortisol levels
Numbers of corticotropin-releasing hormone (CRH)-expressing neurons in the para-

ventricular nucleus (PVN) were quantified in fixed tissue as described previously.25,170 

In short, serial 6 µm frontal sections were cut on a microtome. Delineation of the 

PVN was determined in thionine-stained sections. Each 100th section through the 

PVN was stained for CRH. Neurons that showed a nucleolus and expressed CRH 

were counted blinded. The total number of CRH-expressing neurons in the PVN was 

calculated on the basis of cell counts and the distance between the sections. Cor-
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tisol was measured by radioimmunoassay (Diagnostic Products Corporation, Los 

Angeles, CA, USA).

Tissue processing and RNA isolation
Series of 10 cryostat sections (20 μm each) of subcortical NAWM were homoge-

nized in Trizol (Invitrogen, Carlsbad, CA, USA). Sections preceding and following 

these series were stained by immunohistochemistry for proteolipid protein (PLP; Se-

rotec, Oxford, UK) and HLA-DP, -DQ, -DR (DakoCytomation, Glostrup, Denmark) to 

confirm the absence of MS lesion pathology, respectively by ruling out demyelination 

and microglia/macrophage activation. RNA isolation and assessment of its quality by 

RNA integrity number (RIN) was performed as described previously.222

Microarray hybridization
Labeling of isolated RNA was done using the Low Input Quick Amp Labeling kit (Agi-

lent Technologies, Palo Alto, CA, USA), according to the manufacturer’s instructions. 

For whole-genome expression analysis, samples were hybridized to Agilent 4x44K 

Whole Human Genome arrays (Agilent Technologies, part number G4845A v2), cov-

ering 27,958 genes. In brief, equal amounts of total RNA (50 ng) were amplified and 

labeled with either Cy3-CTP (experimental samples) or Cy5-CTP (reference materi-

al) using the Low Input Quick Amp Labeling kit (Agilent Technologies). For hybridiza-

tion, equal amounts (825 ng) of labeled samples were fragmented in Fragmentation 

Buffer (Agilent Technologies) for 30 minutes at 60ºC. Labeled and fragmented com-

plementary RNA (cRNA) was hybridized to the array and incubated in a rotating hy-

bridization chamber for 17 hours at 60ºC. After hybridization, the array was washed 

subsequently for 5 minutes in 6 x saline sodium phosphate–EDTA (SSPE)/0.005% 

N-lauroylsarcosine, 1 minute in 0.006 x SSPE/0.005% N-lauroylsarcosine, and 30 

seconds in acetonitrile and dried quickly in nitrogen flow. The arrays were scanned 

at a resolution of 5 mm and at 5% and 100% photomultiplier tube settings using the 

Agilent DNA Microarray Scanner (Agilent Technologies, part number G2505B). Scan 

data were extracted using Agilent Feature Extraction software (version 8.5.1; Agilent 

Technologies).
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Normalization of gene expression and gene extraction
To allow for accurate comparison of expression levels across different cDNA mi-

croarray experiments, common reference cRNA was co-hybridized to every microar-

ray. The RNA used to generate the common reference cRNA was extracted from 

snap-frozen tissue dissected from a diversity of anatomical regions from control and 

MS brains, including MS lesions and NAWM, as well from tonsil. By using the ref-

erence cRNA, a ratio between the experimental and reference material could be 

calculated for every spot, and expression levels across different hybridizations were 

compared. These data were used for analysis by Weighted Gene Co-expression 

Network Analysis (WGCNA) and by group-wise comparison between subgroups, 

which is further described below. For an overview of the experimental setup, see 
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NBB no. Sex Age PMD pH MS/C Onset Duration Time to 
EDSS6 Type EDSS Death cause

96-026 F 69 09:15 6.40 MS 44 25 16 SP 9 respiratory insufficiency
96-074 F 40 07:00 6.74 MS 26 14 11 SP 8-9 dehydration
96-076 F 81 04:15 6.93 MS 32 49 44 SP 6 cachexia
96-121 F 53 07:15 6.54 MS 35 18 8 SP 9 pneumonia
97-006 F 62 06:45 6.49 MS 33 29 22 SP 9 cardiac asthma
97-160 F 40 07:00 6.33 MS 29 11 8 SP 9 aspiration pneumonia with cardiac decompensation
98-009 F 70 06:30 6.3 MS 38 32 n/a SP 9 cardiac arrest
98-158 F 76 14:15 5.93 MS 23 53 24 SP 9 respiratory insufficiency
99-025 F 64 07:45 6.22 MS 29 35 21 SP 9 pneumonia and dehydration
99-054 F 58 08:10 6.30 MS 38 20 13 SP 9 legal euthanasia
99-073 F 71 08:00 6.80 MS 47 24 30 SP 9 pneumonia
99-086 F 71 10:25 6.35 MS 47 24 22 SP 9 respiratory insufficiency
99-119 F 38 05:15 6.55 MS 28 10 n/a RR 3 cardiac arrest
00-120 F 69 13:20 6.12 MS 43 26 10 SP 9 probable viral infection 
01-018 F 48 08:10 6.55 MS 40 8 7 SP 6.5 legal euthanasia
01-093 F 66 06:20 6.44 MS 23 43 30 SP 9 liver failure due to cancer metastases
01-126 F 80 09:35 6.2 MS 21 59 51 SP 9 acute leukemia
02-053 F 48 05:50 6.64 MS 27 21 14 SP 8 heart failure
95-078 F 74 06:40 6.70 C - - - - - cachexia
96-014 F 54 08:00 6.45 C - - - - - acute renal failure
00-025 F 68 05:45 6.97 C - - - - - euthanasia
01-069 F 41 13:30 - C - - - - - pulmonary artery hemorrhage
97-068 F 61 07:15 7.2 C - - - - - cachexia
97-042 F 65 12:50 6.9 C - - - - - cardiac arrest
97-005 F 69 07:10 9.8 C - - - - - respiratory insufficiency
96-051 F 71 04:50 6.7 C - - - - - cardiac arrest
00-050 F 52 06:30 7.2 C - - - - - metastasized leiomyosarcoma
NBB no.=Donor registration number of the Netherlands Brain Bank; Age=Age at death 
(years); PMD=post-mortem delay (hours:minutes); pH=pH of cerebrospinal fluid; MS/C=Mul-
tiple sclerosis patient or control subject; Onset=age of disease onset (years); Duration=dis-
ease duration in (years); Time to EDSS 6=time to score 6 on the Kurtzke Expanded Disabili-
ty Status Scale (years); Type=clinical subtype of multiple sclerosis; EDSS=score at death on 
the Kurtzke Expanded Disability Status Scale; F=female; MS=multiple sclerosis; C=control; 
SP=secondary progressive multiple sclerosis; RR=relapsing-remitting multiple sclerosis; n/
a=not available

Table 1   Overview of included subjects
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figure 1. Raw data from the extraction software was imported to the R statistical 

processing environment using the LIMMA/Bioconductor (version 3.12.3) package. 

Nonuniformity and background outliers were removed. The data were normalized 

using “between array normalization” with the “quantile” algorithm.261

cDNA synthesis and quantitative real-time PCR
Using the same RNA from which cRNA was generated for hybridization, cDNA was 

synthesized with the Quantitect Reverse Transcription Kit (Qiagen, Hilden, Germa-

ny) according to the manufacturer’s protocol. Quantitative real-time polymerase was 

performed and analyzed as described elsewhere, with minor adaptations.132 The 

amount of cDNA used per reaction was based on an input of 5 ng original RNA in a 

final volume of 20 µl. Primers used for qPCR are depicted in supplementary table 1. 

Statistical analysis
To obtain lists of genes associated with either disease severity or HPA-axis activity, 

a WGCNA was performed on the log2 intensities to find gene modules.262,263 WCGNA 

defines, in an unbiased way, clusters of genes that show a co-expression pattern 

amongst samples, creating (a network with) modules of genes that are co-regulated.

In addition to the WCGNA, linear regression analysis was performed for group-

wise comparisons, using the LIMMA/bioconductor package in R (version 3.12.3). 

These group-wise comparisons were made for gene expression between all MS 

patients and control subjects. Furthermore, the group of MS patients was separated 

into a high and a low cortisol subgroup by the median for this parameter for objective 

group-wise comparison to identify cortisol-associated gene expression. To perform 

unbiased group-wise comparisons to find gene expression profiles associated with 

severity of MS, the patient population was divided into two subgroups by the median 

disease duration. Correlation coefficients were interpreted as follows: r < 0.1: no cor-

relation; 0.1 < r < 0.3: weak correlation; 0.3 < r < 0.5: moderate correlation; r > 0.5: 

strong correlation. The significance level was set to 0.05. For all analyses that did 

not include the microarray data, we used SPSS software version 24 (IBM, Armonk, 
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Tissue from subcortical NAWM:
MS patients: n=18

Control subjects: n=9

Experimental cRNA Reference cRNA
Cy5 Cy3

Tissue from various brain 
regions and tonsils 

Con�rm absence of
MS lesion pathology

RNA isolation

RNA isolation

Pool RNA isolates

Genes modules related to:
• HPA-axis activity
• Disease severity 

Compare groups:
• Controls vs. MS
• MS high cortisol vs. MS low cortisol
• Severe MS vs. mild MS  

Network analysis - WCGNA Linear regression - LIMMA

Figure 1   Schematic representation of the experimental approach. Series of cryostat 
sections of post-mortem brain tissue, dissected from subcortical NAWM of 18 MS patients 
and 9 control subjects, were used for RNA extraction. Sections preceding and following these 
series were stained by immunohistochemistry for proteolipid protein and HLA-DP, -DQ, -DR to 
confirm the absence of MS lesion pathology. In parallel, RNA was extracted from snap-frozen 
tissue dissected from a diversity of anatomical regions from control and MS brains, including 
MS lesions and NAWM, as well from tonsil, which was pooled and used to generate common 
reference cRNA. Common reference cRNA was co-hybridized to every microarray slide to 
allow for accurate comparison of expression levels across different cDNA microarray exper-
iments. In this way, a ratio between the experimental and reference material could be calcu-
lated for every spot, and expression levels across different hybridizations could be compared. 
These data were subjected to Weighted Gene Co-expression Network Analysis (WGCNA) to 
identify clusters of co-regulated genes associated with HPA-axis activity and severity of MS. 
Furthermore, the data were used for group-wise comparisons between control subjects and 
MS patients subdivided into subgroups with high and low cortisol levels or subgroups with se-
vere and mild disease. WGCNA=Weighted Gene Co-expression Network Analysis (package 
in R); LIMMA=linear models for microarray data (package in R)
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NY, USA).

The modules that were identified by WGCNA and showed the highest positive 

or negative correlation to parameters for HPA-axis activity and disease severity were 

subjected to the online gene ontology tool DAVID (http://david.abcc.ncifcrf.gov)for 

functional gene ontology (GO) analysis, using the whole humane genome as back-

ground. For enrichment of top GO classes, the significance level was set to 0.05.

resulTs

For an overview of the processed brain tissue including donor age, post-mortem 

delay (PMD), pH value of the CSF, and quality of RNA from NAWM in control sub-

jects and different subgroups MS patients see table 2. This table also provides clin-

ical characteristics of the MS patients such as disease duration and cortisol levels 

in CSF. No differences were present between control subjects and MS patients in 

age, PMD or RIN. However, pH was significantly lower in MS patients compared 

to controls (p=0.001). At the same time, pH and PMD did not correlate with RIN, 

cortisol levels or numbers of CRH-expressing neurons, indicating that they had no 

confounding effects. There was a significant correlation between cortisol and num-

bers of CRH-positive neurons in MS patients (r=0.508, p=0.031). In addition cortisol 

levels in CSF correlated with duration of MS (p=0.490, p=0.039) and with a trend 

towards significance with time to EDSS 6 (r=0.432, p=0.095), indicating that high 

HPA-axis activity coincides with slower disease progression and relatively mild MS 

in this population. 

Weighted gene co-expression network analysis
A first analysis on the microarray data was done by WGCNA, for which two ap-

proaches were taken. The main analysis was performed on a dataset that included 

the samples from both control subjects and MS patients. Another analysis was per-

formed on data from MS patients only, which was done to confirm findings made in 

the first approach and to identify additional gene expression profiles associated with 
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HPA-axis activity and disease severity in MS. From both datasets, we selected the 

15,000 most variable genes for application of WGCNA, out of a total of 27,958 genes 

covered by the microarray. By hierarchical clustering using these data we found 2 

outliers, one in the control group and one in the MS patient group (donor 01-063 and 

98-158 respectively), which were excluded from further analysis. All data described 

below in the text, figures and tables were generated by our main WGCNA analysis 

that included both control subjects and MS patients, unless stated otherwise.

WGCNA in an unbiased way identifies clusters of genes that display a similar 

expression pattern across the different samples in the whole data set; clusters of 

genes that show the same expression pattern are referred to as modules. WGCNA 

can also be used to investigate whether such modules are related to traits of par-

ticular interest. Each module has an eigengene (the first principal component) that 

represents the expression pattern of all genes within the module. Moreover, for each 

gene within a module, a correlation value to the module eigengene is calculated, 

which indicates to what extent the expression profile of an individual gene resembles 

that of the whole module.262,264 To find gene clusters associated with disease severity 

and HPA-axis activity in MS, we studied the correlation between gene modules iden-

tified by WCGNA and several clinical traits: disease duration and time to EDSS 6 as 

parameters of disease severity; CSF cortisol levels and numbers of CRH-producing 

neurons as indicators of HPA-axis activity.

Modules generated by WCGNA correlate to HPA-axis activity and MS severity
Using the WGCNA method, we identified a total of 19 modules, of which the biggest 

module contained 2,495 genes and the smallest 65 (figure 2). Of the identified mod-

ules, 9 showed an expression pattern that correlated with one or more of the traits 

of interest: cortisol levels in CSF, number of CRH-positive neurons, disease duration 

and time to EDSS 6. Notably, all modules that were correlated to CSF cortisol lev-

els also showed a correlation in the same direction to numbers of CRH-expressing 

neurons, substantiating their association with activity of the HPA-axis. No modules 

were present that only correlated to disease severity. In total 8 modules correlated 

only to indicators of HPA-axis activity, i.e. cortisol levels in CSF and/or numbers of 
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CRH-expressing neurons in the PVN: the black module (r=-0.47, p=0.020; r=-0.31, 

p=0.100, respectively), yellow module (r=-0.63, p<0.001; r=-0.57, p=0.003, respec-

tively), red module (r=0.43, p=0.030; r=0.46, p=0.020, respectively), salmon mod-

ule (r=0.40, p=0.050; r=0.52, p=0.008, respectively), cyan module (r=0.48, p=0.010; 

r=0.65, p<0.001, respectively), pink module (r=0.56, p=0.003; r=0.77, p<0.001, re-

spectively), tan module (r=-0.63, p<0.001; r=-0.61, p=0.001, respectively) and tur-

quoise module (r=0.25, p=0.200; r=0.46, p=0.020, respectively)

Four modules showed the strongest correlation to one or more traits. The first 

one is the lightgreen module, which positively correlated to cortisol levels, disease 

duration and time to EDSS 6. Secondly, the pink module showed a strong positive 

correlation to cortisol levels in CSF and to numbers of CRH expressing neurons. 

In contrast, the tan and yellow module correlated negatively to cortisol levels, and 

numbers of CRH neurons. The 10 genes most strongly connected to the expression 

pattern of the four modules (module eigengene) are depicted in table 3. The GO 

classes enriched in these four modules according to functional annotation clustering 

analysis are depicted in table 4.

A module strongly correlated to both severity of MS and HPA-axis activity
Among the gene clusters identified by the WCGNA, as depicted in figure 2, the 

lightgreen module had an eigengene that was positively correlated to cortisol levels 

(r=0.56, p=0.003), disease duration (r=0.50, p=0.010) and time to EDSS 6 (r=0.54, 

p=0.006), indicating its positive association with both HPA-axis activity and disease 

severity. The module contained a total of 98 genes, encoding molecules such as 

the S100 proteins S100A8, S100A9 and S100A12, which play a variety of roles 

in inflammation.23 Interestingly, functional annotation clustering indicated that the 

lightgreen module was enriched for genes involved in gene classes labeled by GO 

as ‘immune response’ (p=6.0E-09), ‘negative regulation of cytokine biosynthetic pro-

cess’ (p=4.3E-03) and ‘regulation of IL-1b production’ (p=4.3E-03), amongst others 

(table 4). These GO classes contained several genes that are directly or indirectly 

implicated in MS, such as cystatin F (CST7), ghrelin (GHRL), IL-18 receptor acces-

sory protein (IL18RAP), myeloperoxidase (MPO), matrix-metalloproteinase (MM9) 
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and FMS-like tyrosine-3 (FLT3).266–276 The top 10 genes most strongly connected to 

the lightgreen module are involved in highly diverse molecular mechanisms, though 

many are related to myelination (ASPM and CST7) and inflammation (DEFA4, 

VSTM1, BPI, S100P, WISP3, NLRP12).

A module positively correlated to HPA-axis activity, independent of disease 

severity
The pink module had a module eigengene that was positively correlated to cortisol 

levels (r=0.56, p=0.003) and numbers of CRH neurons (r=0.77, p<0.001). The mod-

ule contained 310 genes and was enriched for molecules with the GO label ‘regula-

tion of caspase activity’ (p=9.4E-04), ’heat shock protein binding’ (p=8.0E-04), ‘reg-

ulation of lymphocyte activation’ (p=2.0E-02) and ‘oxidation reduction’ (p=1.1E-02), 

amongst others (table 4). Moreover, the module was enriched for molecules involved 

in the KEGG pathway ‘antigen processing and binding’ (p=1.7E-03). The molecules 

involved in regulation of caspase activity may be related to apoptosis of neurons and 

oligodendrocytes, but also play a role microglia activation and neurotoxicity.277

Interestingly, the pink module contained the interleukin-7 receptor (IL7R, 

CD127) and tumor necrosis factor ligand superfamily member 14 (TNFSF14) as 

part of the GO class ‘regulation of lymphocyte activation’, two molecules that are 

highly associated with genetic susceptibility to MS.13 In addition, the pink module 

contained various heat-shock proteins (HSP), which have been associated with MS 

pathogenesis and include HSP90, a molecule that functions as a chaperone protein 

for the glucocorticoid receptor (GR).278,279 Also, sirtuin-7 (SRT7) was present in the 

GO class ‘cellular response to oxidative stress’, which has been described as a 

protective molecule in the brain and has been proposed as a therapeutic agent.280,281

Modules negatively correlated to HPA-axis activity, independent of disease 

severity
The tan module had a module eigengene that was correlated negatively to corti-

sol levels (r=-0.63, p=7.0E-04), and numbers of CRH neurons (r=-0.61, p=1.0E-03). 
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The module contained 253 genes and was enriched for molecules in the GO class 

‘generation of precursor metabolites and energy’ (p=7.6E-10) and ‘mitochondrion’ 

(p=1.3E-10), which are likely related to changes in mitochondrial functioning and 

energy metabolism known to occur in MS (table 4).282,283

The yellow module had a module eigengene that was correlated negative-

ly to cortisol levels (r=-0.63, p=7.0E-04), and numbers of CRH neurons (r=-0.57, 

p=3.0E-03). The module contained 922 genes and was enriched for molecules be-

longing to the GO class ‘lipid biosynthetic process’ (p=1.7E-05) and ‘steroid meta-

bolic process’ (p=2.4E-02). One particularly interesting member of both enriched 

GO classes in the tan module was aconitase (ACO2), as it is activated by iron and 

is involved in glutamate production.284 Both iron accumulation and glutamate excito-

toxicity are implicated as pathogenic mechanisms in MS.285,286 

Genes associated with severity of MS and HPA-axis activity, independent of 

WGCNA modules
The WGCNA also produces direct correlations between genes and traits of interest, 

independent of gene modules. These correlations can be used to select additional 

genes that may be strongly related to HPA-axis activity as well as to disease severity 

and may therefore offer potential in development of therapeutic strategies for MS. 

The 10 genes with the strongest positive or negative correlation with disease sever-

ity and cortisol are depicted in table 5. 

Several molecules among the genes positively correlated to cortisol levels are 

well-known for their prominent role in shaping adaptive immune responses. For ex-

ample, retinoic acid receptor alpha (RXRA) showed the strongest positive correla-

tion with cortisol levels. Interestingly, RXRA-mediated signaling strongly enhances 

differentiation of functionally competent CD4+ regulatory T cells and potently inhibits 

the formation of CD4+ T helper 17 cells, the latter of which are have been strongly 

implicated in various autoimmune pathologies, including MS.287–294 Indeed, retinoic 

acid and other vitamin A derivatives were shown to be protective in animal models 

of autoimmune disease.295,296 Notably, IL7R was also present among the 10 genes 

most positively correlated to cortisol levels (table 5). In combination with its presence 
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ME lightyellow [65]

ME greenyellow [273]

ME black [352]

ME blue [1177]

ME green [685]

ME red [566]

ME salmon [203]

ME cyan [203]

ME pink [310]

ME grey60 [154]

ME lightcyan [189]

ME brown [994]

ME magenta [291]

ME midnightblue [196]

ME purple [291]

ME lightgreen [98]

ME tan [253]

ME turquoise [2495]

ME grey [5277]

ME yellow [922]

Cortisol CRH Duration EDSS6

Figure 2   Module trait relationships. Overview of the modules generated by the weighted 
correlation network analysis and their relationship with parameters for HPA-axis activity and 
disease severity. On the left are the names of the modules, the digits between square brack-
ets indicating the number of genes present. The scale on the right indicates the actual values 
belonging to the coefficients of correlations between the module eigengenes and the studied 
traits. Underlined are the modules with strongest positive (lightgreen and pink) and negative 
(tan and yellow) correlations to one or more traits, which were therefore further analyzed and 
described in the text. Note the positive correlation of the lightgreen module with CSF cortisol 
levels, disease duration and time to EDSS 6. ME=module eigengene; Cortisol=Cortisol level 
in cerebrospinal fluid; CRH =Number of neurons expressing corticotropin-releasing hormone; 
Duration=Disease duration; EDSS6=Time to EDSS 6
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in the pink module, which showed the strongest positive correlation with cortisol 

levels the CSF and numbers of CRH-expressing neurons on the PVN, this further 

confirms the positive association of IL7R expression with HPA-axis activity in MS. 

Another interesting members of the 10 genes most positively correlated to cortisol 

levels is gap junction alpha-4 protein (GJA4), as it is strongly expressed by endothe-

lial cells and may thereby affect leukocyte trafficking.297 Expression of ankyrin repeat 

domain-containing protein 16 (ANKRD16) showed the strongest negative correla-

tion to levels of cortisol in CSF. However, not much is known about this protein. The 

gene most strongly correlated to disease duration is the transcription factor NF-E2 

45 kDa subunit (NFE2), which has been shown to play a role in differentiation and 

maturation of erythroid cells.298 The strongest negative association to duration was 

seen for the gene coding for methionine sulphoxide reductase A (MSRA), which is 

involved in protection against oxidative stress.299

Group-wise comparisons
The median cortisol level (220.5 nmol/l) was used to objectively divide the MS patient 

population into two subgroups, allowing comparison of groups for gene expression 

profiles that might reveal associations with HPA-axis activity. Similarly, the median 

duration of MS was used to create an objective subdivision between patients with 

relatively severe or mild disease (i.e. having a disease course shorter or longer than 
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Gene Corr P Gene Corr P Gene Corr P Gene Corr P
1 ASPM 0.97 4.20E-15 1 CHORDC1 0.96 2.70E-14 1 MAGED1 0.92 4.80E-11 1 PPP2R3A 0.96 5.70E-14

2 CST7 0.95 1.70E-13 2 CACYBP 0.95 2.90E-13 2 SARS2 0.9 6.50E-10 2 CNP 0.95 1.80E-13

3 DEFA4 0.95 1.10E-12 3 DNAJA4 0.94 1.40E-12 3 PRMT7 0.9 1.20E-09 3 VPS4B 0.95 4.00E-13

4 VSTM1 0.94 1.20E-12 4 HSPH1 0.94 1.60E-12 4 NAT6 0.88 6.40E-09 4 TMEM209 0.95 5.00E-13

5 BPI 0.94 4.20E-12 5 HSPA4L 0.94 1.90E-12 5 NFU1 0.87 1.10E-08 5 ITCH 0.94 1.80E-12

6 DLGAP5 0.93 1.20E-11 6 DNAJB4 0.94 2.10E-12 6 COG1 0.87 1.20E-08 6 ENDOD1 0.94 2.00E-12

7 S100P 0.93 1.60E-11 7 P4HA2 0.94 3.20E-12 7 THNSL1 0.87 1.50E-08 7 PCBP4 0.94 3.10E-12

8 WISP3 0.93 1.70E-11 8 HSPD1 0.93 8.10E-12 8 RTF1 0.87 2.10E-08 8 ATPGD1 0.94 5.60E-12

9 NLRP12 0.93 2.10E-11 9 HSPE1 0.93 9.50E-12 9 STOML1 0.87 2.20E-08 9 CUEDC1 0.94 6.10E-12

10 RGL4 0.93 3.00E-11 10 ACRC 0.93 1.10E-11 10 NIT2 0.87 2.30E-08 10 CA14 0.94 6.20E-12

Lightgreen	  Module Pink	  Module Tan	  Module Yellow	  Module

Table 3   Genes with the strongest connectivity to the modules identified by WGCNA

Gene=official gene symbol; Corr=Correlation to the principal component of the module, which 
represents the connectivity of each gene to the module. P=p-value
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24 years, respectively), to enable comparisons of groups to identify differences in 

gene expression profiles related to disease severity. Two patients in the study popu-

lation had a disease duration of exactly 24 years. These were included in the group 

of patients with severe MS were, as their disease duration was shorter than the 

median disease duration of 24.5 years in the entire MS donor population of the NBB. 

Comparison MS patients versus controls
Compared to control subjects, a total of 778 genes was significantly upregulated in 

MS patients, whereas 544 genes were downregulated. The 4 most strongly upreg-

ulated genes in NAWM of MS patients code for antibody subunits, which is possibly 
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Lightgreen module
GO class Genes present

Immune response (GO:0006955) EXO1, IL18RAP, PRG2, PGLYRP1, CFP, BPI, CST7, SP2, S1PR4, LILRA5, FCN1, CEACAM8, CTSG

Defense response (GO:0006952) IL18RAP, RNASE3, S100A8, CEBPE, PRG2, S100A9, PGLYRP1, S100A12, AZU1, CFP, BPI, 
DEFA4, MPO, CTSG

Regulation of cytokine production (GO:0001817) AZU1, BPI, ELANE, NLRP12, GHRL

Regulation of IL-1b production (GO:0032652) AZU1, NLRP12, GHRL

Negative regulation of cytokine biosynthetic process (GO:0042036) ELANE, NLRP12, GHRL

Immune system development (GO:0002520) EXO1, CCNB2, CEBPE, FLT3, MMP9

Phagocytosis (GO:0006909) CEBPE, FCN1, ELANE

Pink module
GO class Genes present
Regulation of caspase activity (GO:0043281) FOXL2, ADORA2A, SMAD6, HSPE1, HSPD1, PMAIP1, DNAJB6

Response to unfolded protein (GO:0006986) HSP90AB1, HSP90AA2, HSP90AA1, HSPA1A, HSPA1B, SERPINH1, HSPA1L, HSPH1, HSPA4L, 
DNAJA1, HSPA6, HSPB1, HSPA4, HSPE1, DNAJB1, HSPD1, DNAJB4, HSPA8, DNAJB6

Heat shock protein binding (GO:0031072) FKBP4, PPID, DNAJA1, DNAJB1, DNAJB4, DNAJA4, DNAJB6

Antigen processing and presentation (Kegg pathway hsa04612) HSPA1L, HSP90AA2, HSP90AB1, HSP90AA1, HSPA6, HSPA4, HSPA1A, HSPA1B, HSPA8

Regulation of lymphocyte activation (GO:0051249) TRAF2, ADORA2A, TNFSF14, HSPD1, SOD1, IL7R, SART1

Regulation of T cell mediated immunity (GO:0002709) TRAF2, HSPD1, IL7R

Cellular response to oxidative stress (GO:0034599) PYCR1, EPAS1, SIRT7, SOD1

Oxidation reduction (GO:0055114) CTBP2, HTATIP2, HSD17B1, UGDH, SIRT7, CRYZ, SOD1, PYCR1, CYP39A1, PLOD1, KDM2A, 
P4HA2, NXN, P4HA1, JMJD6, PLOD3, SPR, BCO2

Tan module
GO class Genes present

Generation of precursor metabolites and energy (GO:0006091) ALDOA, NDUFA5, UQCRC1, AIFM3, NDUFB10, ACO2, FDX1, TMX4, CRAT, UQCRFS1, ATP5G3, 
COX6C, SDHA, ATP6V0C, ATP5C1, SLC25A3, ATPIF1, NDUFS1, MDH1, PYGB

Mitochondrion (GO:0005739)

RNASEL, UQCRC1, FDX1, NIT2, TMX4, HINT2, GCAT, WARS2, BPHL, UQCRFS1, ATP5G3, 
SFXN5, GOT2, DDX28, NT5M, GPX4, SLC25A3, TIMM23B, ACAD9, NDUFS1, HSD17B8, PDK1, 
PDK2, NDUFA5, NDUFB10, AIFM3, ACO2, SLC25A5, AMACR, CRAT, SARS2, COX6C, SDHA, 
NFU1, MRPS18A, ATP5C1, ATPIF1, PRODH

Yellow module
GO class Genes present

Lipid biosynthetic process (GO:0008610)
TM7SF2, CYP51A1, ACSS2, PEX7, ELOVL1, FAR1, ELOVL5, DHCR7, SERINC1, PRKAA1, 
HSD17B3, PCYT1B, SCD5, PCYT2, AGPAT4, GAL3ST1, PLD1, PLP1, LPGAT1, FADS1, FA2H, 
PIGT, PIGS, CFTR, CERCAM, PIGP, PTGDS, C5ORF4, SMPD1, MVK, IDI1, DEGS1

Steroid metabolic process (GO:0008202) TM7SF2, SREBF1, OSBPL5, MBTPS2, CYP51A1, CFTR, ABCA2, DHCR7, INSIG1, PRKAA1, MVK, 
HSD17B3, IDI1, LIPE, VLDLR, CLN6

GO=Gene Ontology, Kegg=Kyoto encyclopedia of genes and genomes

Table 4   Gene ontology classes overrepresented in modules identified by WGCNA
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related to the synthesis of auto-antibodies in MS (table 6).26 Furthermore, NAWM of 

MS patients showed an increased expression of heat-shock proteins, HSPA1A and 

HSPA6. Among the genes upregulated in NAWM of MS patients compared to that 

of control subjects, there was an enrichment for molecules in gene ontology classes 

associated with induction of apoptosis, activation of caspases, regulation of T-cell 

activation and cytokines binding (table 7). 

Compared to control NAWM, the gene showing the most strongly decreased 

expression in MS NAWM is transthyretin (TTR), which is downregulated 4-fold (table 

6). TTR is an important carrier in serum and CSF for the thyroid hormone thyroxin 

(T4) and retinol, the latter of which is form of vitamin A. Importantly, TTR as well as 

T4 has been implicated in MS. Oxidative modifications of TTR protein and decreased 

levels of T4 were present in the CSF, and not in the serum, of MS patients and were 

correlated with disease duration.300 Moreover, T4 was shown play an important role 

in remyelination.301

GO classes overrepresented among the genes downregulated in NAWM of 

MS relative to control NAWM were related to neuron differentiation, cell projection 

and regulation of lipid metabolism (table 7).

Comparison of MS patients with high and low cortisol
In MS patients with high cortisol a total of 270 genes was upregulated, whereas 

472 genes were downregulated compared to patients with low cortisol. Of note, the 

third most-strongly upregulated gene in MS patients with high cortisol by more than 

4-fold was CD163, which is a glucocorticoid-responsive gene that can be induced in 

myeloid immune cells, such as macrophages and microglia.223,226

Neuronal pentraxin-2 (NPTX2) is the gene most strongly increased in NAWM 

of MS patients with high cortisol, showing an almost 6-fold higher expression in 

comparison to NAWM of patients with low cortisol. NPTX2 is an immune-related 

molecule, with structural similarities to several acute phase proteins, that is thought 

to be essential in the compensatory synaptic response that occurs during prolonged 

neuronal inactivity.302 An interesting finding regarding the 10 most strongly down-

regulated genes in NAWM of MS patients with high cortisol was the presence of 
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P2RY12, which was shown to play a major role in microglia activation and extension 

of ramification towards inflammatory foci.303

Interestingly, analysis by functional annotation clustering on the genes that 

are upregulated in MS patients with high cortisol levels, in comparison to patients 

with low cortisol levels, are enriched for several GO classes associated with (reg-

ulation of) inflammation (table 7). In contrast, there is an overrepresentation of GO 

classes associated with apoptosis and negative regulation of neurogenesis among 

the genes showing decreased expression in MS patients with high cortisol.

CortIsol-assoCIated gene expressIon In norMal-appearIng whIte Matter of Ms

Gene Corr P Gene Corr P
1 RXRA 0.88 9.10E-09 1 NFE2 0.74 6.80E-04

2 HEYL 0.83 2.10E-07 2 CHODL 0.72 1.10E-03

3 PDGFA 0.83 2.90E-07 3 SLC16A6 0.7 1.90E-03

4 RND3 0.83 3.50E-07 4 DEFB1 0.68 2.50E-03

5 GJA4 0.82 3.90E-07 5 PSPH 0.68 2.80E-03

6 IGFBP4 0.82 5.10E-07 6 MYB 0.67 3.20E-03

7 IL7R 0.81 8.70E-07 7 GDF10 0.67 3.20E-03

8 NPTX2 0.8 1.30E-06 8 CST7 0.67 3.30E-03

9 MAOA 0.8 1.80E-06 9 CNTN3 0.67 3.50E-03

10 TLN2 0.8 1.80E-06 10 HOXA6 0.67 3.60E-03

1 ANKRD16 -0.82 5.50E-05 1 MSRA -0.8 1.20E-04

2 ALKBH3 -0.78 2.10E-04 2 NBR2 -0.71 1.60E-03

3 DNM2 -0.78 2.50E-04 3 GNG7 -0.67 3.10E-03

4 TMEM185B -0.77 2.70E-04 4 SFPQ -0.67 3.40E-03

5 FIBP -0.77 2.80E-04 5 APC -0.67 3.60E-03

6 SERAC1 -0.77 3.00E-04 6 SNX8 -0.63 7.00E-03

7 PLS3 -0.76 3.80E-04 7 COL20A1 -0.61 9.30E-03

8 ATP5C1 -0.76 4.00E-04 8 CTTNBP2NL -0.6 1.10E-02

9 PDE6B -0.76 4.20E-04 9 RAI14 -0.59 1.20E-02

10 OPALIN -0.75 4.90E-04 10 ADAM10 -0.58 1.40E-02

Cortisol Duration of MS 
Table 5   Genes most strongly associated to cortisol levels and disease duration

Gene=official gene symbol; Corr=correlation coefficient; P=p-value
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Comparison of MS patients with severe and mild disease
In total 202 genes were upregulated in patients with mild MS, whereas 154 genes 

were downregulated compared to those with severe MS. There is a clear overlap 

between genes upregulated in MS patients with mild disease and those with high 

cortisol, as for example S100A8, SLCO4A1 are present in the top 10 most strongly 

upregulated genes in both groups. Interleukin-1 receptor like 1 (IL1R1) is among the 

10 most strongly upregulated genes in mild MS, and is known to be a receptor for IL-

33 and has been shown to be involved in induction of Th2 responses during allergic 

inflammation.304 The OLR1 gene, also known as LOX-1, was the most downregulat-

ed gene in NAWM of MS patients mild disease. Interestingly, this gene was found to 

be strongly related to the extent of demyelination in white matter MS lesions.305 The 

upregulated genes in NAWM of MS patients with mild disease were enriched for GO 

classes involved in neuron development ad differentiation as well as the inflamma-

tory response.

Distinct expression profile of inflammatory and GC-related genes in patients 

with high cortisol or mild MS
For the next analysis, we selected genes included in the following GO classes: ‘reg-

ulation of acute inflammatory response’ (GO:0002673), ‘chronic inflammatory re-

sponse’ (GO:0002544), ‘macrophage differentiation’ (GO:0030225), ‘microglial cell 

activation’ (GO:0001774), ‘glucocorticoid-receptor signaling pathway’ (GO:0042921) 

and ‘cellular response to glucocorticoids’ (GO:0071385) and ‘glucocorticoid biosyn-

thetic process’ (GO:0006704). These genes were compared for their expression be-

tween 5 groups: control subjects, MS patients with high and low cortisol levels and 

MS patients with severe and mild disease. This was done by cluster analysis, to find 

out which groups show similar expression profiles for the selected genes. Interest-

ingly, a distinct expression profile was present for both inflammatory and glucocor-

ticoid-associated genes in MS patients with high cortisol and those with mild MS 

(figure 3). These subgroups differed in this respect from MS patients with low cortisol, 

MS patients with severe MS and control subjects. Remarkably, the subgroups of MS 

patients with high cortisol and those with mild MS were especially similar with re-
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spect to higher average expression values for inflammatory genes, when compared 

to the other three subgroups.

Molecules selected for validation
The expression profile of various genes was validated for by qPCR. Genes were se-

lected when they showed a strong association with HPA-axis activity and/or disease 

duration and if previous literature indicated that their functioning may be relevant 

in MS. Examples of targets selected were IL7R, tissue transglutaminase (TGM2), 

MAC-inhibitory protein (CD59) and CST7, all of which are related to highly mech-

anisms: T-cell immunity, alternative macrophage activation, complement regulation 

and remyelination, respectively.266,306–308 For the large majority of genes the expres-

sion profile was confirmed by qPCR, with the exception of CST7 (figure 4). 

CortIsol-assoCIated gene expressIon In norMal-appearIng whIte Matter of Ms

Gene	   FC P Gene	   FC P Gene FC P
1 IGKC 5.4 6.10E-03 1 NPTX2 5.8 6.00E-04 1 S100A8 4.1 4.90E-02
2 IGHG1 4.8 8.40E-03 2 S100A8 5.1 8.00E-03 2 SLCO4A1 3.2 1.60E-02
3 IGKV1-27 3.0 4.50E-02 3 CD163 4.3 6.90E-03 3 GUCA2B 2.6 3.80E-03
4 IGKV3-15 3.0 4.20E-02 4 HSPA1A 3.5 9.40E-03 4 S100A9 2.6 4.00E-02
5 HSPA1A 2.6 2.30E-02 5 SLCO4A1 3.4 4.00E-03 5 NCRNA00168 2.6 1.40E-02
6 SERPINA3 2.6 2.10E-02 6 ABCA6 3.3 9.30E-03 6 KCNK12 2.5 5.60E-03
7 HSPA6 2.3 2.50E-02 7 SERPINA3 3.2 1.40E-02 7 IL1RL1 2.4 4.00E-02
8 BAG3 2.2 8.40E-04 8 VSIG4 3.2 6.00E-03 8 EDN1 2.4 3.40E-02
9 CHI3L2 2.1 3.00E-02 9 HSPA1B 3.2 2.50E-02 9 GPR4 2.1 2.90E-02
10 ITGB1BP1 2.1 8.40E-04 10 SLC14A1 3.0 6.00E-03 10 BCL3 2.1 3.50E-02
1 TTR -4.0 1.10E-04 1 NPY -3.8 1.50E-02 1 OLR1 -2.3 3.70E-02
2 EGR1 -2.2 2.40E-02 2 OPALIN -2.4 1.80E-02 2 GLDN -2.2 1.60E-02
3 CCL4 -2.2 4.30E-03 3 P2RY12 -2.3 1.20E-02 3 CYB5R2 -1.9 1.30E-02
4 DNAH2 -2.1 8.10E-04 4 PFKFB2 -2.3 6.70E-04 4 KCNE1L -1.8 2.90E-02
5 CCDC114 -2.0 3.90E-03 5 LARP6 -2.3 2.80E-04 5 MSRA -1.7 1.90E-03
6 SREBF1 -1.9 2.30E-03 6 SREBF1 -2.3 6.70E-04 6 NAGLU -1.7 2.30E-03
7 OGDHL -1.8 9.80E-03 7 CYB5R2 -2.2 2.60E-04 7 FLJ41200 -1.7 4.40E-02
8 CA14 -1.8 1.70E-02 8 KCNE1L -2.1 6.10E-04 8 MFSD1 -1.7 1.60E-02
9 GLDN -1.8 3.40E-02 9 NKAIN1 -2.1 1.70E-03 9 ATP5S -1.6 2.00E-02
10 ATPGD1 -1.8 2.20E-02 10 GLDN -2.0 2.40E-02 10 APH1A -1.6 2.10E-05

DO
W
N

 Patients – Controls
MS 

High cortisol – Low cortisol
MS

Mild disease – Severe disease

U
P

Table 6   Genes differentially expressed between control subjects and subgroups of MS pa-
tients

FC=fold change gene expression – from left to right: in all MS patients, compared to control 
subjects; in MS patients with high cortisol levels, compared to MS patients with low corti-
sol levels; in MS patients with mild disease, compared to MS patients with severe disease. 
P=p-value
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discussion

In the present study, we performed a genome-wide analysis on NAWM of MS pa-

tients in relation to the rate of clinical progression and activity of the HPA-axis. By 

WGCNA we identified various clusters of co-regulated genes that correlate with one 

or more indicators of MS disease severity and HPA-axis activity. The same parame-

ters were also studied for their correlation to individual genes, irrespective of module 

membership. By group-wise comparison of control subjects and (subpopulations 

of) MS patients, we identified additional genes in NAWM that are related to having 

MS or to having high cortisol levels or a mild disease course in MS. In this way we 

provide lists of genes positively or negatively associated with HPA-axis activity and/

or severity of MS. In general, gene expression profiles associated with high cortisol 

production and mild MS patients are characterized by molecules that actively reg-

ulate inflammation, but also belong to pathways involved in remyelination and neu-

roprotection. Together, these data indicate that HPA-axis activity strongly impacts 

on molecular mechanisms in NAWM of MS patients, but in part independently of 

molecular mechanisms associated with disease severity.

1. Gene expression associated with both HPA-axis activity and disease sever-

ity in MS
The gene module most relevant for unraveling the molecular mechanisms of cor-

tisol-mediated disease suppression is the lightgreen one, as it was correlated to 

numbers of CRH neurons, cortisol levels and duration of MS. Functional annotation 

clustering analysis pointed out that the lightgreen module contained several genes 

that may be associated with slower progression of MS by regulation of inflammation. 

A particularly interesting gene in this respect is cystatin F (CST7), also known as 

leukostatin, in the significantly enriched GO class ‘immune response’. In addition, a 

role of CST7 in slowing progression of MS is suggested by its ranking among the 

top 10 genes most strongly correlated to disease duration. Unlike all other cystatins, 

CST7 is almost exclusively expressed by immune cells and is a potent lysosomal 

protease inhibitor. As such, CST7 is known to block activity of cysteine protease that 
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is essential for antigen processing and presentation and for activation of cytotoxic 

effector molecules in T- and NK-cell granules.309,310 Moreover, CST7 was found to be 

expressed by microglia under conditions of demyelination with concurrent remyelin-

ation in experimental autoimmune encephalomyelitis.266 Also relevant in this respect 

is that CTS7 is the only cystatin that can be secreted and taken up by other cells and 

may thereby function as a protective factor expressed by microglia during inflamma-

CortIsol-assoCIated gene expressIon In norMal-appearIng whIte Matter of Ms

GO	  class Genes	  present

Positive regulation of apoptosis (GO:0043065)
SIVA1, HTATIP2, ZAK, PML, TNFSF14, RPS27L, TLR4, ITSN1, CTNNBL1, RPS3, CASP3, 
HTRA2, CD44, CDKN2C, RPS3A, SOS1, MTCH1, TGM2, AATF, RUNX3, RPS27A, DEDD2, 
CEBPG, FADD, BAD, SOD1, TXNDC12, EI24, RNF7, NAIF1, HSPD1

Activation of caspase activity (GO:0006919) SIVA1, MTCH1, PML, HSPE1, HSPD1, RPS3

Regulation of T cell activation (GO:0050863) CD47, CASP3, IL6ST, NCK1, TGFBR2, TNFSF14, BAD, HSPD1, SOD1

Cytokine binding (GO:0019955) TNFRSF1A, ACVRL1, IL10RB, IL6ST, LEPR, TGFBR2, ENG, IFNAR1, ACVR1

Neuron differentiation (GO:003082) EGR2, GNAO1, ATL1, TBCE, NTNG2, DSCAML1, APP, RASGRF1, GHRL, MAPK8IP3, 
SEMA3B, NTM, C17ORF28

Cell projection (GO:0042995)
RTN4, MYO5A, BBS5, KIAA1598, SSH1, ATL1, NEDD9, GIPC1, DNAH2, CPEB1, APP, 
CTTN, DNAI1, ARHGEF4, DBNL, ARHGEF7, FSCN1, LDB3, DNAI2, PCM1, CAMK2N1, 
RASGRF1, IFT172, MAPK8IP3, GHRL, SPEF1

Regulation of lipid metabolic process (GO:0019216) TNF, DHCR7, SF1, ACACB, PPARGC1A

GO	  class Genes	  present

Immune response (GO:0006955) LAIR1, CEBPB, IL1RL1, IFITM2, TLR2, TNFSF14, CALCOCO2, SLC11A1, C1QB, 
UNC13D, APOL1, XBP1, LILRB3, IL4R, BCL3, HSPD1, VSIG4

Regulation of cytokine production (GO:0001817) INHBA, SLC11A1, CEBPB, TLR2, BCL3, NFKB1, BCL6, HSPD1, VSIG4, SRGN

Myeloid cell differentiation (GO:0030099) INHBA, RPS19, JMJD6, RPS14, BCL6, ZBTB16, RUNX1, CBFB, TIMP1

Negative regulation of myeloid cell differentiation 
(GO:0045638) INHBA, NFKBIA, ZBTB16, RUNX1

Apoptosis (GO:0006915) RTN4, CKAP2, POLR2G, DNM1L, TM2D1, EGLN3, RRAGA, PIGT, BAG1, NGFRAP1, 
EIF2AK2, MAGEH1, NDUFS1, PUF60, ZIM2

Negative regulation of neurogenesis (GO:0050768) RTN4, NOG, NF1, OMG

GO	  class Genes	  present

Neuron projection development (GO:0031175) APP, GNAO1, EGR2, ATL1, RASGRF1, TBCE, MAPK8IP3, NTNG2, DSCAML1, GHRL, 
SEMA3B

Neuron differentiation (GO:0030182) EGR2, GNAO1, ATL1, TBCE, NTNG2, DSCAML1, APP, RASGRF1, GHRL, MAPK8IP3, 
SEMA3B, NTM, C17ORF28

Inflammatory response (GO:0006954) HDAC5, YWHAZ, TNF, NDST1, TOLLIP, CCL3L3, ITIH4, CCL4L1, CCL4

Lysosome (GO:0005764) HGSNAT, SGSH, NAGLU, MFSD8, LIPA, GM2A, PPT1, CD63, ASAH1

Steroid metabolic process (GO:0008202) HSD17B11, MBTPS2, LIPA, CYB5R2, INSIG2, PRKAA1, CLN6

MS	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
High	  Cortisol	  -‐	  Low	  Cortisol

MS	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Mild	  Disease	  -‐	  Severe	  Disease

Patients	  –	  Controls

U
P

DO
W
N

DO
W
N

U
P

DO
W
N

U
P

Table 7   Gene ontology classes overrepresented in genes differentially expressed between 
control subjects and (subgroups of) MS patients
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tion to limit damage induced by surrounding leukocytes.311 However, the expression 

pattern of CST7 found by microarray analysis could not be reproduced by qPCR, so 

it remains to be elucidated whether it affects MS pathogenesis.

Other notable molecules present in the lightgreen cluster are S100A8 and 

S100A9, which are strongly expressed by myeloid immune cells, have well-estab-

lished immunoregulatory properties and are implicated in protection against oxida-

tive stress.312 Expression of S100A9 plays a key role in creating the highly immuno-

suppressive milieu in tumors by causing abnormal differentiation of local myeloid 

cells.313 Moreover, S100A8 and S100A9 serve as inflammatory biomarker in several 

autoimmune disorders, such as systemic lupus erythematosus (SLE) and inflam-

matory bowel disease.314–316 The anti-inflammatory role of S100A8 and S100A9 are 

further indicated by the finding that glucocorticoids directly induced these proteins in 

human monocytes and dendritic cells, and that S100A8-positive macrophages are 

increased in synovial fluid after treatment of rheumatoid arthritis patients with high-

dose methylprednisolone.312

Another prominent immunoregulatory molecule in the lightgreen module was 

NLR family, pyrin domain containing 12 (NLRP12), which was present in several 

enriched GO classes, such as ‘regulation of IL-1b production’ and ‘negative regu-

lation of cytokine biosynthetic process’. Moreover, NLRP12 expression was highly 

correlated to cortisol levels. NLRP12 is strongly expressed by myeloid cells and 

has been found to suppress canonical and non-canonical NF-κB signalling.317–321 As 

such, NLRP12 is able to inhibit TLR-induced activation and chemokine production in 

monocytes and other myeloid cells.319

CortIsol-assoCIated gene expressIon In norMal-appearIng whIte Matter of Ms

< Figure 3   Cluster analysis of absolute expression of genes involved in inflamma-
tion and glucocorticoid signaling. (A) Cluster analysis based on genes included in the 
gene ontology classes ‘regulation of acute inflammatory response’, ‘chronic inflammatory 
response’, ‘macrophage differentiation’ and ‘microglial cell activation’. (B) Cluster analysis 
based on genes included in the gene ontology classes ‘glucocorticoid-receptor signaling path-
way’, ‘cellular response to glucocorticoids’ and ‘glucocorticoid biosynthetic process’. Under-
lined are genes for which expression differed significantly between MS patients with mild 
and severe disease. Genes written in bold and italic show a significant difference between 
patients with high and low cortisol. CTR=control subjects; SEVERE=MS patients with severe 
MS; LOW=MS patienst with low cortisol levels; MILD=MS patients with mild MS; HIGH=MS 
patients with high cortisol levels



144

In our WGCNA analysis, we also assessed to what extent the expression pat-

tern of a gene resembles that of the whole module by looking at the connectivity of 

genes to the module eigengene. Interestingly, GJA4 not only was among the 10 

genes most strongly correlated to cortisol, but was also significantly upregulated in 

mild MS. The expression of GJA4 has been related to protect against formation of 

atherosclerotic plaques by decreased recruitment of monocytes, a mechanism that 

is also crucially involved in formation of MS lesions.322

By studying direct correlation between individual genes with cortisol and/or du-

ration of MS, we found several that are implicated in (inhibition of) remyelination. Ex-

Chapter 6

Figure 4   Validation of expression profiles of selected genes by qPCR. Genes were 
selected for validation on the basis of clear association with HPA-axis activity and/or disease 
severity in MS patients, as described in detail in the text (Results section). Note that expres-
sion of HEYL, IL7R, IGFB, GJA4 and TGM2 is the significantly increased in MS patients with 
high cortisol CSF levels, compared to both control subjects and MS patients with low cortisol. 
Con=control subjects; AU=arbitrary units; *p<0.05; **p<0.001
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amples are CST7, ASMP and TLR2.323 Other genes may be more related to neuro-

protection. One of these is NPTX2, which showed a strong correlation to cortisol and 

was highly increased in MS patients with high cortisol compared to those with low 

cortisol. This gene is also known as neuronal activity-regulated pentraxin (NARP) 

and has been shown to be essential for long-term synaptic plasticity, in particular 

in formation and maintenance of excitatory synapses.302,324 As such, NPTX2 may a 

highly neuroprotective gene in MS that is induced by glucocorticoids.

2. Gene expression associated with HPA-axis activity in MS, independent of 

disease severity
The pink module showed the strongest positive correlation with HPA-axis activity 

(both for cortisol levels in CSF and numbers of CRH-positive neurons in the PVN) 

and was enriched for genes involved in several GO classes, such as ‘regulation of 

caspase activity’ and ‘heat shock protein binding’. In addition, also genes belonging 

to the GO class ‘regulation of lymphocyte activation’ were enriched. Among these, 

the presence of the interleukin-7 receptor (IL7R) was most striking, as this genetic 

polymorphisms for this molecule are highly with increased MS susceptibility.325 It 

was also found to be induced by dexamethasone in human blood leukocytes from 

the blood, which may explain why IL7R expression was strongly correlated to levels 

of CSF cortisol in MS patients.326 However, we did not find any correlation between 

IL7R and disease severity.

HSPA1A and SERPINA3 were higher expressed in NAWM of MS patients with 

high cortisol compared to those with low cortisol. Heat-shock proteins have been 

shown to play an important role in limiting T-cell mediated (chronic) inflammation.327 

However, NAWM of MS patients showed a general upregulation of these genes 

compared to control subjects. This may indicate that upregulation of this pathway 

represents a general protective mechanism in NAWM of MS that is further enhanced 

under the influence of high HPA-axis activity.

3. Conclusion
In general, the most noticeable observation when looking at molecular profiles asso-
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ciated with high HPA-axis activity and relatively mild MS is the enhanced expression 

of genes that actively regulate inflammation. Moreover, there is a clear increase in 

molecules involved in remyelination and pathways that likely exert a protective effect 

against for example oxidative stress, synaptic disintegration and axonal damage. 

In summary, the data indicate that HPA-axis activity strongly impacts on molecular 

mechanisms in NAWM of MS patients, but for a large part independently of disease 

severity
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suMMAry And generAl discussion

The studies included in this thesis aimed to provide a better understanding of the 

relation between activity and regulation of the hypothalamus-pituitary-adrenal 

(HPA)-axis and various aspects of multiple sclerosis (MS): clinical course, constitu-

ents of cerebrospinal fluid (CSF), lesion pathology, and molecular as well as cellular 

characteristics of normal-appearing white matter (NAWM). The heterogeneous na-

ture of MS plays a central role in all chapters and the presented findings suggest that 

HPA-axis activity is a major determinant for this. 

All research described here has been performed using post-mortem brain 

tissue, CSF as well as neuropathological evaluations and data from the extended 

medical records of donors enrolled into the programs of the Netherlands Brain Bank 

(NBB). Therefore, I will first discuss the potentials and pitfalls of this type of research, 

which will aid in interpreting the observations made in this thesis. In addition, much 

of the data has been generated by a newly developed method for immediate iso-

lation of primary human microglia from post-mortem human tissue. Therefore, I will 

also dedicate a separate part of this discussion to the various aspects of this line 

of research. As each thesis chapter offers a detailed discussion of the presented 

results, I will focus more on the general conclusions that can be drawn from the re-

spective studies. In doing so, I will address both the biological and clinical relevance 

of the main findings and provide suggestions for future research. 
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suMMAry

MS is a chronic inflammatory disease of the central nervous system (CNS), in which 

autoimmune demyelination leads to severe and progressive neurologic decline. A 

hallmark of MS is its clinical and pathological heterogeneity. This is most evident in 

the highly variable and unpredictable disease course: some MS patients may remain 

relatively asymptomatic for decades, whereas others may progress to a state of se-

vere disability and death within years or in cases with fulminant disease even within 

months after onset.20 

Strongly implicated in the heterogeneity of MS are inter-individual differenc-

es in cortisol production by the hypothalamus-pituitary-adrenal (HPA)-axis. In most 

MS patients, the HPA-axis is strongly activated. However, we and others identified 

an association between low HPA-axis activity and more severe MS.25,89,95 There-

fore, this thesis aimed to provide a better understanding of the relation between 

activity and regulation of the hypothalamus-pituitary-adrenal (HPA)-axis and various 

aspects of multiple sclerosis (MS): clinical course, neurodegeneration, lesion pathol-

ogy, glucocorticoid receptor (GR) polymorphisms, and molecular as well as cellular 

characteristics of normal-appearing white matter (NAWM).

The introductory chapter 1 provided an overview of the current knowledge on MS 

and described basic and pathology-related aspects of HPA-axis functioning. In ad-

dition, it introduced microglia as key players in CNS immunity and MS that may be 

strongly affected by cortisol secreted by the HPA-axis. 

In chapter 2 of this thesis, a comprehensive analysis was performed of the patho-

logical and molecular underpinnings of the negative association between HPA-axis 

activity and disease severity of MS. The results showed that high HPA-axis activity 

in MS is associated with slower disease progression, especially in females with sec-

ondary progressive MS. Patients with low HPA-axis activity had greater numbers 

of active lesions and tended towards having less remyelinated plaques than pa-

tients with high HPA-axis activity levels. Moreover, normal-appearing white matter 
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(NAWM) of MS patients with high HPA-axis activity displayed gene expression pro-

files that were partially cortisol related and less inflammatory, more neuroprotective 

and permissive for remyelination. These data suggest that HPA-axis activation as 

generally observed in MS patients directly impacts on lesion activity and molecular 

mechanisms in NAWM, thereby reducing disease severity.

Chapter 3 studied the relation of MS severity, HPA-axis activity and soluble CD163 

(sCD163) with several polymorphisms in the glucocorticoid receptor (GR) gene that 

are associated with altered GC sensitivity. The findings indicate that GR haplotypes 

conferring high GC sensitivity coincide with more aggressive MS but do not affect 

cortisol secretion by the HPA-axis or CD163 shedding. 

Chapter 4 and 5 were dedicated to the ex vivo and in vitro characterization of pri-

mary microglia from NAWM of control subjects and MS patients, to identify basic and 

disease-specific alterations in microglia phenotypes and immune responsiveness. 

These data were generated by developing a new procedure for isolation of human 

microglia from post-mortem white and grey matter brain tissue, which omitted the 

need for adherence and thereby allowed for immediate phenotyping and in vitro test-

ing. By ex vivo flow cytometric analysis, the basic phenotype of isolated microglia 

was specified by comparison with autologous macrophages from the choroid plexus. 

Moreover, phenotypic alterations were found of microglia in NAWM that were asso-

ciated with peripheral inflammation and MS. Furthermore, an ‘alerted’ phenotype 

was identified in microglia from MS NAWM, characterized by an activated morphol-

ogy, upregulation of immunoregulatory molecules and unresponsiveness to lipopoly-

saccharide (LPS). In addition, glucocorticoid responsiveness of microglia from MS 

NAWM was altered.

Chapter 6 described a microarray study in NAWM of MS patients.  By weighted 

gene co-expression network analysis (WGCNA) and additional approaches, ge-

nome-wide expression data were investigated for gene expression profiles NAWM 

of MS patients is associated with severity of MS and HPA-axis activity. The data indi-

cated that HPA-axis activity strongly impacts on molecular mechanisms in NAWM of 
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MS patients, but for a large part independently of disease severity. The study yields 

various molecular targets that could be eligible for functional assessment of their 

therapeutic potential to prevent lesion formation in NAWM of MS.

generAl discussion

1. Research using human post-mortem brain tissue: benefits and 
limitations

1.1 The value of post-mortem brain research for understanding MS
Many animal models have the inherent drawback that they simulate only certain 

aspects of a disease, which raises the question to what extent observations can be 

extrapolated to human pathology. This particularly applies to MS, as it is character-

ized by a extensive range of clinical, neuropathological and immunological features 

that each are highly heterogeneous. There is indeed a plethora of MS animal models 

– foremost experimental autoimmune encephalomyelitis (EAE) – that differ in many 

respects, such as selected autoantigen and immune effector mechanism, method 

of induction and animal species. However, each of these models lacks one or more 

principle features of MS neuropathology, as they may for example fail to show actual 

demyelination, remyelination, or autoimmune inflammation. 

Though invaluable for many reasons, there are also clear practical limitations 

to research in living MS patients. For example, clinical MS studies often make use of 

patient-derived blood and liquor to identify potential prognostic biomarkers and per-

form phenotypic analysis of peripheral leukocytes. However, various reports indicate 

that the there is a poor correlation between phenotypic profiles of leukocytes in pe-

ripheral blood and those present in the CSF or the brain, in particular with respect to 

T lymphocytes.328,329 In addition, available imaging techniques are highly instrumen-

tal for diagnostic purposes and, in the of case or magnetic resonance imaging (MRI), 

may strongly aid to identify patterns in the anatomical distribution and time-dynamics 

of MS neuropathology. However, none of these approaches allow for the study of 
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cellular and molecular mechanisms within the human central nervous system (CNS). 

Therefore, post-mortem brain research using molecular and cellular techniques to 

study the human CNS compartments specifically affected in neurologic diseases, is 

a crucial and indispensable source of information for understanding pathogenesis 

and identifying targets for therapy. 

1.2 General aspects of post-mortem brain research
Post-mortem brain research crucially depends on the availability of high-quality do-

nor tissue that is dissected with short post-mortem delay (PMD) and characterized 

for neuropathology according to standardized procedures, and complemented by 

well-documented medical histories. This type of research also entails specific guide-

lines for matching patient and control groups. For example, groups should not only 

be matched by sex and age, but also for PMD and pH of the CSF. Both these pa-

rameters may have a confounding effect on biological observations.330,331 Especially 

pH, which is a reflection of the agonal state and extent of hypoxia before dying, has 

been shown to strongly relate to overall tissue quality, including that of RNA.330 Not 

surprisingly, we found that very low pH values (pH <6.1) are often associated with 

low cell yield and viability in primary microglia isolates. 

In comparison to patient-related research, there is almost always an age-bias 

towards elderly subjects in post-mortem cohorts. Inherently, observations in such 

cohorts are made at the end of the disease process. It is therefore often argued that 

post-mortem research has the major disadvantage that pathological mechanisms 

can not be studied in relation to certain disease phase and it is always uncertain to 

what extent findings are a cause or a consequence of the studied pathology. Howev-

er, an advantage of post-mortem research is that the whole clinical course is known, 

and not just a part of it. For MS cases, this includes for example valuable information 

about overall disease progression and severity, time point of conversion from relaps-

ing-remitting to progressive disease and use of medicines.

1.3 Assessing clinical course and severity of MS
To be able to make statements about the clinical relevance of molecular and cellular 
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observations, it is essential to use parameters that accurately reflect aspects of the 

MS disease course, such as rate of disease progression. For this, information is 

necessary on the pattern of the clinical MS course, disease onset (i.e. appearance of 

the first symptoms), time points of reaching expanded disability status scale (EDSS) 

scores of 3, 6 and 9, as well as conversion to the progressive phase. 

In the studies described in this thesis, the validity of disease duration as an 

indicator for severity of MS is confirmed by its strong correlation with time to EDSS 

6, which is a widely used measure of MS severity.162,167 For MS patients with short 

disease duration, the clinical files of the NBB were used to verify whether individuals 

died due to causes directly related to MS, such as legal euthanasia and pneumonia. 

Notably, chapter 2 describes the finding that duration of MS and time to EDSS 6 both 

correlated to percentages of active lesions in the cerebrum, showing that these pa-

rameters are associated with pathological correlates of MS disease severity as well.

1.4 Studying stress-axis activity
Due to HPA-axis responsiveness to the physiological process of dying, post-mor-

tem cortisol levels in CSF are about 20-fold higher than those assessed in living 

patients.101,166 Importantly, in all donor (sub)groups included in our studies we rou-

tinely found a significant positive correlation between cortisol levels and numbers of 

CRH positive neurons in the periventricular nucleus (PVN), which indicates that both 

parameters assessed post-mortem indeed reflect HPA-axis activity during life. This 

is further supported by the finding that post-mortem cortisol levels in CSF strongly 

correlate with ante-mortem levels in CSF and serum in control subjects and MS 

patients.101,166 Importantly, PMD and pH value did not correlate in any of our stud-

ies with cortisol levels in the CSF or with numbers of CRH positive neurons in the 

hypothalamus, pointing out that these parameters have no confounding effects on 

indicators for post-mortem assessment of HPA-axis activity.

1.5 Using post-mortem tissue to isolate, phenotype and culture microglia
Many observations in this thesis are made by immediate isolation of primary human 

microglia from fresh post-mortem brain tissue. Of key importance for this research 
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were the facilities of the NBB (www.brainbank.nl), as they facilitated dissection of 

brain tissue with a very short PMD of 6 h on average. This is particularly relevant for 

the study of MS brains, which already require a more extensive and thus time-con-

suming protocol that includes post-mortem MRI scanning and dissection of as many 

lesions as possible. The availability of such high-quality tissue ensures that prima-

ry cells could be isolated with good yield and viability. This new isolation method 

enabled us to apply highly sensitive techniques to define basal characteristics of 

microglia as well a features related to MS pathology in the NAWM. In comparison 

with microglia isolation procedure used before, a major improvement of the method 

described here is the fact that it excludes effects of culture and adherence as much 

as possible. The findings in chapter 4 of this thesis, as well as data from a previous 

study on human microglia isolated from operation material, indicate that microglial 

culture inevitably coincides with phenotype changes, including rapid upregulation of 

CD14 and instigation of responsiveness to LPS.206 This is likely due to the absence 

in culture of microenvironmental cues that are normally present in the CNS and 

cause microglia to maintain their specific phenotype, as is also well established for 

many types of tissue macrophages.211,332 Therefore, observations made in our setup 

likely more accurately reflect the in vivo biology of microglia. Moreover, it offers the 

opportunity to link ex vivo microglial phenotypes directly to data obtained by down-

stream applications.

2. Determinants of stress-axis responsiveness

2.1 Neurodegeneration versus inflammation
There is extensive evidence that both inflammation and neurodegeneration activate 

the HPA-axis in neurological diseases. Activation of the HPA-axis takes place in 

virtually all types of immune responses, and was shown to reflect the severity of 

inflammation.333,334 Indeed, many cytokines and other inflammatory mediators are 

well-known for their ability to stimulate CRH secretion by neurons in the PVN, such 

as interleukin (IL)-1β, IL-6 and prostaglandins.74,75,335,336 Importantly, activation of 

Chapter 7



157

the HPA-axis by immune responses is part of a negative feedback mechanism that 

serves to restrain inflammation through the actions of glucocorticoids produced in 

the adrenal gland.337 On the other hand, progression of EAE is known to be strongly 

associated with a specific desensitization of the HPA-axis to pro-inflammatory cy-

tokines.94 This fits very well with the studies included in the present thesis, which 

indicate that HPA-axis activation in MS is of great importance for suppression of dis-

ease activity and that low cortisol production is associated with more severe lesion 

pathology and fast disease progression.  

In addition to inflammation, neurodegeneration has been identified as a major 

drive of HPA-axis activation in neurologic diseases. Indeed, increased activity of 

the HPA-axis has been well established not only in MS, but also in Alzheimer’s dis-

ease and major and bipolar depression, as well as in aging.70,101,338–341 In one of the 

populations studied here, we found a particularly strong correlation between gluta-

mate and HPA-axis activity in patients with primary-progressive MS (PPMS). It has 

been shown that glutamate, when present in the CSF or in glutamatergic projections, 

can activate the HPA-axis through direct binding to various glutamate receptors on 

CRH-producing neurons in the hypothalamus.155–158 Moreover, neurodegeneration in 

MS was reported to be associated with the presence of gene alleles that lead to high 

glutamate levels.24 In accordance with this, blocking glutamate receptors in EAE 

led to substantial amelioration of disease, increased oligodendrocyte survival and 

reduced axonal damage.342 We also found a prominent positive correlation between 

tau and glutamate in the CSF of PPMS patients, further supporting the idea that 

CSF glutamate levels reflect neurodegeneration associated with this type of MS.159 

Stimulation of CRH release from the hypothalamus due to neurodegeneration may 

also explain why high HPA-axis activity in MS patients was found to be predictive for 

fast disease progression and associated with cognitive and neurologic disability in 

certain studies.90,96

2.2 Gender and subtype-specific differences
Gender differences in MS are well recognized.168,169 In addition, there is ample evi-

dence that there are sex-differences in HPA-axis regulation that are relatively subtle 
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under basal conditions, but become pronounced following a stressor.343–345 More-

over, the age-related increase in HPA-axis activity was found to be present only in 

men and not in women.346 In general, HPA-axis responsiveness tends to be lower in 

women than in men of the same age after puberty, a difference that is observed till 

females reach their menopause.347 Perhaps this also contributes to the higher prev-

alence of MS in women than in men, as animals with low HPA-axis responsive were 

found to be more susceptible to induction of EAE.93,94 Some observations described 

in this thesis indicate that HPA-axis regulation in MS might also be gender-specific. 

This is based on the finding that strong correlations (r>0.5) were present between 

cortisol levels and indicators of disease severity in females, whereas these were 

totally absent in the male patient groups (chapter 2). However, this may also be 

due to the fairly small sample size, especially of males. These observations should 

therefore be verified in larger populations. 

2.3 Differences in glucocorticoid receptor genotype
The glucocorticoid receptor (GR) is another factor that is implicated in heterogene-

ity of MS by affecting HPA-axis regulation and induction of glucocorticoid (GC)-re-

sponsive molecular pathways. Therefore, we studied several GR polymorphisms 

associated with altered GC-sensitivity for their relation with MS disease course, cor-

tisol secretion and levels of soluble CD163 (sCD163) in the CSF. Interestingly, GR 

haplotypes (BclI and N363S) that confer increased GC sensitivity were associated 

with more aggressive disease course, but not with alterations in levels of cortisol 

or sCD163 in CSF. These data were in contrast with previous reports that studied 

the same GR haplotypes and did not find an association of the BclI and N363S 

GR haplotypes with faster progression of MS.23,191 In fact, these studies indicated 

that a more aggressive disease course occurs in MS patients carrying the Tth111I–

ER22/23EK–9β haplotype, which is associated with a reduced GC sensitivity.23,191 

These discrepancies could be due to differences in the size of the studied population, 

which was much smaller in our post-mortem study. In addition, we grouped carri-

ers of GR haplotypes according to their effect on GC-sensitivity, whereas previous 

studies on MS grouped carriers of each individual GR haplotype. Therefore, new 
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insights may be provided by combining data from the MS patient population used in 

our study and from the population used in those earlier studies, to re-analyze all data 

using the grouping applied in this thesis. 

3. Pathological, cellular and molecular effects of stress-axis re-
sponsiveness
Of note, the important role of local GC signaling within plaques has been suggested 

by a study that found local activation of enzymes for cortisol breakdown and syn-

thesis, which was dependent on the lesion stage.126 Expression of the enzyme that 

increases local bio-availability of cortisol, 11b-hydroxysteroid dehydrogenase type 

1 (11βHSD1), was found to accumulate in microglia/macrophages in the rim of in 

chronic-active plaques. In contrast, expression of 11b-hydroxysteroid dehydroge-

nase type 2 (11βHSD2), the cortisol-inactivating enzyme, was absent in the same 

cells. The opposite was seen in more acute lesions, were expression of 11βHSD1 

was decreased and that of 11βHSD2 increased. Moreover, in vitro myelin phagocy-

tosis by macrophages led to prolonged induction of 11βHSD1 and decreased ex-

pression of 11βHSD2. This study also found MS relapses to be associated with 

lowered cortisol levels in the CSF and not in serum. Together, these findings suggest 

that GC may initially be inactivated in MS lesions, facilitating the activation of microg-

lia and infiltrating macrophages that upon myelin phagocytosis convert into foam 

cells that exert anti-inflammatory properties by producing 11βHSD1 and chemok-

ine (C-C motif) ligand 18 (CCL18).127 Importantly, culture of primary human microg-

lia with dexamethasone readily induced CCL18 on primary human microglia in our 

hands, which revealed a specific impairment of CCL18 induction in microglia from 

NAWM of MS patients. This may bear relevance for effectiveness of GC therapy, as 

CCL18 is one of the most abundant chemokines secreted by immature dendritic 

cells and preferentially attracts naive and memory T cells and induces in these cells 

a CD4+CD25+FoxP3+ regulatory T-cell (Treg) phenotype.254,256,348 As such, CCL18 

could represent a GC-induced mechanism that is centrally involved in creating an 

immunotolerant CNS microenvironment and is possibly impaired in microglia from 
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NAWM of MS patients.  

A substantial part of this thesis is dedicated to the question to what extent mo-

lecular mechanisms in the NAWM of MS patient are associated with HPA-axis activ-

ity and disease severity. This question is also related to the growing notion that MS 

pathogenesis may originate in NAWM, as it was found to contain various changes in 

inflammatory and neuroprotective gene expression profiles.15,120,193 There is a strong 

interest in unraveling these molecular profiles, as this may lead to identification of 

events that precede or determine permissiveness for MS lesion development.32,259 

Based on the data in this thesis, it can be concluded that there are clear molec-

ular alterations in NAWM of all MS patients. We found that in total 778 genes were 

upregulated and 544 genes were downregulated in NAWM of MS when compared 

to that of control subjects. The top 10 most strongly upregulated genes in MS was 

dominated by antibody subunits, which is likely related to the synthesis of autoan-

tibodies and the presence of oligoclonal bands in the CSF of MS patients.26 This 

indicates that, independent of disease severity and in absence of lesion pathology, 

synthesis of antibodies is clearly enhanced the CNS of MS patients. Lassmann and 

co-workers previously suggested that the disease process of multiple sclerosis may 

die out in aged patients with long-standing disease.22 However, our results suggest 

that this is not the case in the NAWM. This also is apparent from data showing a 

high incidence (60%) of active lesions in the hypothalamus in post-mortem MS brain 

tissue.349

In addition, the studies in the present thesis indicate that HPA-axis activity 

clearly impacts on molecular mechanisms in NAWM of MS patient, though for a 

large part independently of disease severity. In general, molecular profiles associ-

ated with high HPA-axis activity and relatively mild MS were characterized by ex-

pression of genes that actively regulate inflammation, and by molecules involved in 

remyelination, anti-oxidative mechanism and neuroprotection. 

Strikingly, figure 3 of chapter 6 shows that patients with mild MS, when com-

pared to those with severe MS, are more dissimilar from control subjects regard-

ing expression profiles of inflammatory genes in the NAWM. This may indicate that 

different pathological processes are at play in SPMS patients with severe disease. 
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Perhaps, severe MS coincides with a lack of induction of genes that actively regulate 

inflammation. On the other hand, it could also be that there is a distinct molecular 

pathology of MS in patients with severe disease, which leads to rapid clinical pro-

gression. Generally, GCs are seen as immunosuppressing agents. Though endoge-

nous and exogenous GC do play crucial roles in controlling inflammation, especially 

in chronic situations, they were recently shown to also exert pro-inflammatory ef-

fects.326 For example, a microarray study on dexamethasone-treated PBMC indi-

cated not only anti-inflammatory, but also several pro-inflammatory molecules were 

upregulated on monocytes, including IL-7 receptor (IL-7R). In line with this, the data 
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Figure 1   Microglial phenotypes and immune responsiveness.  Hypothetical model of 
the phenotypic properties and glucocorticoid-responsiveness of resting microglia in NAWM 
of control subjects and alerted microglia in MS NAWM, as described in chapter 4 and 5. In-
dicated in the first column are the phenotypic markers of microglia in situ, based on analysis 
performed by ex vivo flow cytometry. The second column depicts up- and downregulation of 
differentiation markers in response to glucocorticoids, as determined by culture with dexa-
methasone. 
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in chapter 6 identified IL-7R as one of the molecules most strongly correlated to cor-

tisol levels in MS patients. Thus, the favorable effect of exogenous and endogenous 

GCs on MS disease activity are probably not only due to broad immunosuppression. 

GCs actively skew the innate immune system in a beneficial direction, as also pro-

posed by others.350  Still, at least a part of the therapeutic effects of GC are mediated 

by repression of adaptive immunity, as they were shown to reduce inflammation in 

EAE by inducing T-cell apoptosis.351,352 

4. Characteristics of microglia alertness in NAWM of MS
A large part of this thesis focused on studying the phenotype and immune respon-

siveness of microglia isolated from in NAWM of control subjects and MS patients. 

Many studies have reported phenotypic alterations of microglia in NAWM of MS 

patients.15,117,119,120 Considering the role of microglia as immune sentinels that are 

strong determinants of the inflammatory milieu within the brain parenchyma, it is 

thought that modulating microglia functioning in NAWM could be a highly interesting 

therapeutic strategy in of MS. Moreover, as microglia are highly sensitive to microen-

vironmental changes, their phenotypic features in the NAWM may provide clues on 

MS pathogenesis, specifically regarding events that precede or determine permis-

siveness for MS lesion formation. One of the main findings of the studies performed 

in this thesis is that CD45 is a highly sensitive indicator of microglia activations 

status, as it shows low expression on resting microglia and is progressively upregu-

lated with increasing inflammation. Indeed, elevated CD45 expression on microglia 

was found to precede the onset of autoimmune demyelination in EAE, supporting 

the idea that changes in microglial activation status represent a crucial step in the 

initiation of MS lesion pathology.32 

By assessing basal phenotypic characteristics of human microglia in control 

NAWM, we were able to define microglia phenotype changes in different patholog-

ical conditions. First, we could establish that the presence of peripheral inflamma-

tion in subjects without neurologic disease goes along with an enhanced microglia 

activation status in the NAWM. Secondly, we revealed an ‘alerted’ activation status 
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in microglia from NAWM of MS, defined by increases in size, granularity and expres-

sion of CD45 and CD32b. Notably, LPS-responsiveness in primary microglia was 

absent, even in those isolated from NAWM of subjects with peripheral inflammatory 

conditions or MS. In contrast, microglia from NAWM showed distinct responses to 

M2 stimuli. GC responsiveness was altered in microglia from MS NAWM, as dexa-

methasone led to a decreased induction of the anti-inflammatory chemokine CCL18. 

Figure 1 displays the phenotypic characteristics of primary microglia from the NAWM 

of control subjects and MS patients, assessed ex vivo, and the effects of GC, as 

observed in vitro. 

It remains unclear to what extent our observations fit the concept of microglial 

priming.239,353 According to this concept, primed microglia are characterized by an 

activated morphological appearance and expression of the anti-inflammatory cyto-

kine transforming growth factor-beta (TGFβ) under basal conditions that is followed 

by excessive production of pro-inflammatory cytokines, most notably IL-1β, upon 

induction of systemic inflammation. Though phenotypes of microglia from NAWM of 

MS patients were also characterized by morphological changes and upregulation of 

immunoregulatory molecules, we did not find any differences in TGFβ mRNA levels 

in microglia from NAWM of control subject and those of MS patients cultured under 

basal conditions for 72 h. Importantly, we observed in these cells an absence of in vi-

tro LPS responsiveness at 18 h, which in strong contrast with the observations done 

on primed microglia in vivo. The mechanisms underlying this LPS-responsiveness 

is still unclear, though various types of tissue macrophages have been reported to 

display similar characteristics.252

5. Future directions and concluding remarks

5.1 Assessing and modulating HPA-axis activity in MS patients
Studies of HPA-axis regulation are commonly conducted by application of the com-

bined dexamethasone-CRH test, which does not give information on responsive-

ness of CRH producing neurons to inflammatory mediators. Based on the data in 
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this thesis and other studies, we may conclude that patients that fail to produce 

adequate cortisol levels in response to the inflammatory component of MS might be 

at particular high risk for rapid neurological decline.22 However, there are clearly eth-

ical and practical limitations to assessment of HPA-axis responsiveness to inflam-

mation in MS patients. Therefore, finding appropriate ways to evaluate MS patients 

for HPA-axis responsiveness to inflammation might be of considerable prognostic 

relevance.

Thus far, most studies on HPA-axis activity in MS patients are based on mea-

surement of cortisol levels in the blood. The study by Heidbrink et al. suggests that 

cortisol levels in the CSF are a probably more reliable indicator of GC signaling 

within the brain parenchyma and are clearly related to disease activity of MS.126 

Though lumbar punctures confer significant physical discomfort, monitoring CSF 

cortisol levels at a restricted number of time-points during stable disease and acute 

relapses may provide valuable insight into the HPA-axis responsiveness towards the 

inflammatory component of MS pathology. Therefore, one recommendation for the 

clinic would be to measure/monitor cortisol levels in the CSF (and not the serum). In 

combination with testing HPA-axis responsiveness to inflammatory stimuli, measur-

ing CSF cortisol levels could give a more accurate insight into immunomodulation 

that may be expected from endogenous GCs. This approach may serve as a prog-

nostic tool and could help to design customized supplementation strategies for GC 

treatment of MS patients. 

The cause of low HPA-axis responsiveness in some MS patients is not im-

mediately clear. However, there are data that suggest that a high incidence of hy-

pothalamic lesions may lead to desensitization of CRH-producing neurons for in-

flammatory cytokines. For example, close proximity of activated macrophages to 

CRH-expressing neurons was associated with impaired activity of the HPA-axis, 

suggesting that an excess of macrophage-derived cytokines abrogates sensitivity of 

these neurons for inflammatory mediators.25 In line with this, progression of chronic 

EAE in rats was found to be related to a reduced HPA-axis drive by inflammation.94 

In summary, a better understanding of HPA-axis regulation in MS and the mo-

lecular mechanisms of GC employ to suppress disease activity may be of benefit for 
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MS patient in several ways:

• Assessment of basal HPA-axis activity and responsiveness to inflammation 

could be used as a prognostic tool and may identify patients that are at partic-

ularly high risk for fast progression. 

• It may improve the use of GC for treatment of MS, as therapeutic regimes 

could be tailored to the specific needs of the patient. 

• Selection of GC-induced molecular pathways associated with slow progres-

sion of MS promotes translational research and development of new thera-

peutic approaches. 

5.2 Molecular targets identified by microarray analysis
In this thesis, I specifically focused on identifying molecular pathways in the NAWM 

associated with HPA-axis activity and/or disease severity, as these could represent 

highly eligible therapeutic targets for prevention of MS lesion development. A good 

example of a molecular pathway that is associated with high cortisol levels and 

may be of therapeutic benefit in MS is the upregulation of annexin 1 (ANXA1), also 

known as lipocortin 1. The upregulation of this molecule strongly suggest GC-in-

duced molecular effects in the NAWM of MS patients, as annexin 1 is known to be 

an essential mediator of GC-induced immunomodulatory effects.354 Moreover, intra-

cerebroventricular administration of annexin 1 protein reduced the severity of EAE 

in rats.355 Another approach for MS therapy could be based on induction of gap 

junction alpha-4 protein (GJA4) on endothelial cells, which was shown to be protec-

tive against recruitment of monocytes and is strongly associated with high HPA-axis 

activity and mild MS.322 

5.3 Microglia in NAWM of MS patients
The availability of the newly developed microglia isolation procedure paves the way 

for various studies that could considerably advance the understanding of MS patho-

genesis. A first evident step would be to perform transcriptome analyses on microg-

lia isolated from different anatomical areas of post-mortem brains from control sub-

suMMary & dIsCussIon



166

jects and MS patients. Ideally, these data should be compared to data obtained from 

autologous choroid plexus macrophages or monocyte-derived macrophages. In this 

way, microglial gene signatures may be identified that are region-, cell type- and 

MS-specific. Similar analyses could also be performed to identify (changes in) mi-

croRNA expression profiles and DNA-methylation patterns. Another line of research 

could be based on identifying the ability of microglia phenotypes to induce adaptive 

immune responses by performing co-cultures with HLA-mismatched T lymphocytes, 

in a mixed lymphocyte reaction (MLR). These MLRs could be performed directly ex 

vivo or after stimulation with inflammatory mediators and/or phagocytosis of myelin. 

Of relevance for all aforementioned experiments is a well-designed antibody panel 

to determine the expression of crucial phenotypic markers that reliably indicate the 

activation status of microglia directly after isolation and perhaps also after down-

stream experiments. Good candidate markers for this would be CD45 and CD14, as 

they were shown in this thesis to serve as sensitive indicators of microglial activa-

tion status. The ultimate goal of these lines of research would to find pathways that 

could be targeted to modulate microglia in such a way that MS lesion formation is 

prevented by inhibiting microglia activation or even by reverting microglia from an 

alerted to a resting state. Alternatively, microglia may be specifically skewed towards 

a phenotype with enhanced immunosuppressive and neurotrophic properties. 

5.4 Concluding remarks
On the whole, this thesis supports the conclusion that high stress-axis activity sub-

stantially contributes to suppression of MS disease activity, as the presented evi-

dence strongly suggests that it impacts on clinical course, lesion pathology as well 

as cellular and molecular mechanisms in the NAWM. Finding ways to evaluate and 

possibly modify stress-axis responsiveness to inflammation might therefore improve 

the clinical care of MS patients. In addition, identifying mechanisms to modulate mi-

croglia and GC-related molecular pathways in the NAWM may represent a valuable 

therapeutic strategy for preventing lesion formation and disease progression in MS. 
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MS is een chronische ontstekingsziekte van het centrale zenuwstelsel (CZS), die 

wordt gekenmerkt door afbraak van myeline. Dit myeline vormt een beschermende 

laag rond de uitlopers (axonen) van hersencellen (neuronen) en is essentieel voor 

het functioneren van deze cellen, met name voor geleiding van zenuwimpulsen. In 

de meeste gevallen gaat MS dan ook gepaard met ernstige en progressieve neuro-

logische achteruitgang en leidt vaak tot voortijdig overlijden als gevolg van MS-ge-

relateerde complicaties. Een prominent kenmerk van MS is de heterogeniteit in het 

klinisch en pathologisch beeld. Dit komt het duidelijkst naar voren in het sterk wis-

selende en onvoorspelbare verloop van de ziekte: waar sommige patiënten decen-

nia lang nagenoeg asymptomatisch kunnen blijven, daar kan bij andere patiënten 

binnen een jaar, of bij fulminante ziekte zelfs binnen enkele maanden, progressie 

plaatsvinden naar ernstige invaliditeit en overlijden.1

Er zijn sterke aanwijzingen dat de heterogeniteit van MS sterk is gerelateerd 

aan interindividuele verschillen productie van cortisol door de hypothalamus-hy-

pofyse-bijnier (HHB-) as, ook wel stress-as genoemd. De stress-as is in de meeste 

MS patiënten sterk en chronisch geactiveerd. Daarnaast hebben heeft onze onder-

zoeksgroep, evenals andere onderzoekers, een verband gevonden tussen lage 

stress-as activiteit en een ernstiger klinisch verloop van MS.2-4 Dit proefschrift is 

daarom gericht op het verkrijgen van inzicht in het verband tussen activatie en 

regulatie van de stress-as in relatie tot diverse aspecten van MS: klinisch verloop, 

pathologie, neurodegeneratie, polymorfismen in de glucocorticoïd receptor (GR), 

en moleculaire en cellulaire eigenschappen van ‘normaal uitziende witte stof’ (nor-

mal-appearing white matter, NAWM).  

Het inleidende hoofdstuk 1 gaf een overzicht van de huidige kennis over MS en 

stress-as functioneren onder normale en pathologische condities. Dit hoofdstuk gaat 

tevens in op de centrale rol die microglia cellen spelen bij ontsteking in het CZS en 

in MS, en de invloed daarop van de stress-as via de productie van cortisol. 

Hoofdstuk 2 van dit proefschrift beschrijft een analyse van de negatieve associatie 

tussen stress-as activiteit en progressie van MS, met nadruk op pathologische en 
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moleculaire aspecten. De resultaten toonden aan dat hoge activiteit van de stress-

as in MS gepaard gaat met langzame progressie van de ziekte, vooral bij vrouw-

en met secundair progressieve MS. Bovendien vonden we dat patiënten met lage 

stress-as activiteit een groter aantal actieve MS lesies hadden en minder remyelini-

satie dan patiënten met hoge stress-as activiteit. Bovendien vertoonde NAWM in MS 

patiënten met hoge stress-as activiteit patronen in genexpressie die deels cortisol 

gerelateerd en minder inflammatoir waren, terwijl er verhoogde expressie aanwezig 

was van genen die geassocieerd zijn met neuroprotectieve mechanismen en remy-

elinisatie. Deze resultaten suggereren dat activatie van de stress-as, zoals dat in MS 

vaak wordt gezien, van directe invloed is op activiteit van lesies en op moleculaire 

mechanismen in NAWM, wat leidt tot een minder ernstig ziekteverloop.

Hoofdstuk 3 is een studie naar de relatie van MS progressie, stress-as activite-

it en soluble CD163 (sCD163), met polymorfismen in het glucocorticoid receptor 

(GR) gen die zijn geassocieerd met veranderde glucocorticoid (GC) gevoeligheid. 

De gevonden resultaten geven aan dat GR haplotypes geasocieerd met hoge GC 

gevoeligheid gerelateerd zijn aan agressievere MS, maar geen effect hebben op 

productie van cortisol door de stress-as of uitscheiding van sCD163.

Hoofdstuk 4 en 5 waren gewijd aan ex vivo en in vitro karakterisering van primaire 

microglia van NAWM van MS patiënten en controles, met als doel om basale en 

pathologische kenmerken van microglia te identificeren. De beschreven resultat-

en werden gegenereerd met een nieuw ontwikkelde methode voor de isolatie van 

humane microglia uit post-mortem witte en grijze stof. Deze methode maakte het 

mogelijk om pure microglia populaties te verkrijgen zonder voorafgaande hechting 

in kweek, waardoor de cellen direct na isolatie bestudeerd konden worden voor hun 

fenotype en responsiviteit op immunologische stimuli in kweek. Bij flowcytometrie 

kon het basale fenotype van geïsoleerde microglia worden bepaald door vergeli-

jking met autologe macrofagen uit de choroid plexus. Bovendien werden in microg-

lia geisoleerd uit NAWM fenotypische veranderingen gevonden die waren geasso-

cieerd met perifere ontsteking en MS. Voorts is een alerted fenotype geïdentificeerd 
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microglia MS NAWM, gekenmerkt door een geactiveerde morfologie, opregulatie 

van immuunregulerende moleculen en ongevoeligheid aan lipopolysaccharide 

(LPS). Bovendien bleek de GC responsiviteit van microglia geisoleerd uit NAWM 

van MS patienten te zijn veranderd.

Hoofdstuk 6 beschrijft een microarray studie van NAWM van MS patiënten. Door 

weighted gene co-expression network analysis (WGCNA) en aanvullende benade-

ringen, werden genoomwijde expressie data onderzocht voor genexpressie profie-

len in NAWM van MS patiënten die waren geassocieerd met de ernst van MS en 

stress-as activiteit. Uit de resultaten bleek dat stress-as activiteit sterke heeft ef-

fecten op moleculaire mechanismen in NAWM van MS patiënten, maar voor een 

groot deel onafhankelijk van de ernst van de ziekte. De studie leverde verschillende 

moleculaire aanknopingspunten op die in aanmerking komen om met functionele 

experimenten getest te worden voor hun therapeutisch potentieel om lesievorming 

in NAWM van MS te voorkomen.
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Nu het leuke maar ook louterende avontuur van het promoveren ten einde is ge-

komen, wil ik een heleboel mensen heel erg graag bedanken. In de eerste plaats 

mijn directe begeleiders, Inge en Jörg. Inge, van jou heb ik enorm veel geleerd over 

de grote waarde van onderzoek met behulp van humaan weefsel. Bovendien heb je 

me wegwijs gemaakt in de vele aspecten van (neuro)biologisch onderzoek, waarbij 

je aandacht had voor de wetenschappelijke kant, politieke facetten en management. 

Jörg, ook van jou heb ik zeer veel opgestoken in deze opzichten, en natuurlijk ook 

door je uitgebreide kennis over macrofagen, brede immunologische expertise en 

weloverwogen manier om tot de juiste oplossing te komen in verschillende kwesties. 

Ook Dick, mijn promotor, wil ik heel hartelijk danken voor zijn begeleiding en contin-

ue bereidheid om een kritische blik te werpen op mijn resultaten, en voor al het waar-

devolle advies en commentaar dat er altijd om mijn manuscripten aan te scherpen. 

Verder gaat mijn dank natuurlijk uit naar Corbert en Karianne, voor alle praktische 

ondersteuning in het lab en natuurlijk ook voor het dienen als mentale slijpsteen bij 

het bedenken van nieuwe proeven. Extra waardering wil ik hierbij uitspreken voor 

Karianne haar bijdrage aan het microglia onderzoek. Daarnaast wil ik graag Nathalie 

en Robert bedanken voor al hun hulp aan het begin van mijn promotieonderzoek, 

vooral bij mijn eerste stappen in de wereld van de microglia isolaties. Hierbij moet ik 

ook zeker Marco niet vergeten, voor zijn praktische steun en alle tips and tricks voor 

het bestuderen van M1 en M2 activatie in macrofagen en microglia.

Wie ik zeker ook niet mag vergeten zijn alle mensen van de Nederlandse 

Hersenbank: Michiel, Afra, Paul, Petra. Jullie werk en hulp was onontbeerlijk bij nag-

enoeg al het onderzoek dat ik heb gedaan. Vooral Michiel moet ik bedanken voor het 

beantwoorden van al mijn vragen, hulp en de relativerende relaxtheid waarmee dat 

altijd gepaard ging. Verder moet ik ook Berend van de centrale celsort faciliteit bij het 

AMC bedanken voor zijn praktische en zeker ook theoretische bijstand als het ging 

om de techniek van het facsen. Willem moet ik absoluut ook bedanken voor al zijn 

fungeren als hele betrouwbare vraagbaak bij alle qPCR kwesties. 

Verder wil ik graag Bernard (Uitdehaag) van het VU Medisch Centrum in Am-

sterdam bedanken voor zijn betrokkenheid en deskundigheid bij de studies naar 

verschillende aspecten van stress-as functioneren in MS. Ditzelfde geldt voor Jan 
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Willem (Koper) van het Erasmus Medisch Centrum in Rotterdam, die ik graag wil 

danken voor zijn belangrijke rol in de productie en analyse van de data over de glu-

cocorticoid receptor. Bij het NIN moet ik zeker ook Koen bedanken voor al zijn hulp 

en input bij de uitvoering en analyse van mijn microarray proeven, waarbij ik ook 

Anke niet onvermeld mag laten voor haar hele gedegen praktische ondersteuning.

In dit dankwoord mag het niet ontbreken aan een heleboel andere colle-

ga-onderzoekers bij het NIN. Uit mijn eigen groep – Sabina, Debbie en Joost – voor 

de gezelligheid en het helpen meedenken met mijn onderzoek. Verder alle OIO’s 

en postdocs uit de groep van Elly Hol, Joost Verhagen en Dick Swaab. Martina, be-

dankt voor alle goede voetbalgesprekken, potjes bekvechten met Amsterdams ac-

cent en natuurlijk de gezelligheid! Regina, jij ook bedankt voor heel veel gezelligheid, 

avonden uit in Amsterdam en natuurlijk alle culturele acties! Carlyn, bedankt voor je 

happy day mentaliteit en voor het zijn van een goede partner bij de organisatie van 

een paar geweldige NIN feesten! Eloy: thanks for a great time, keeping Marie sharp 

and for all your business cards in my house! Oscar: bedankt voor al je muzikale input 

en succes nog even in je onderzoek! Miriam: bedankt voor alle gezelligheid en al het 

prettige werken in het humane lab! Rubén: my football-buddy from Catalonia (not 

Spain) and paranymph at my thesis defence. It has been absolutely awesome to 

visit those legendary Barca matches in London and of course I had really great fun 

starting up the one and only official Barcelona Penya of Amsterdam, which will be a 

lasting remnant of the good times we had! Ling: thanks for all ‘gezelligheid’ and fun 

times, it was a big honour to be part of your bachelor’s party! Vassil: you were always 

an extremely positive character at the NIN that I appreciated a lot, so thanks for that 

as well as for the good times we had going out in Amsterdam! Elisabeth: thanks for 

all the fun barbecues and of course for providing us with Elvis, our handicapped but 

very happy cat!

Hele goed herinneringen heb ik verder aan het werk met de mensen van de 

partysquad: Matt, Johan en Carlyn. Dank voor alle toffe tijden, ik zal altijd met zware 

voldoening terugdenken aan de supergeslaagde feesten, sinterklaasvieringen die 

we georganiseerd hebben! Daarmee beland ik meteen ook bij alle mensen van de 

NIN-borrels: bedankt voor alle gezelligheid! For Bruno and Giovanni and other NIN-
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ers: thanks for all the intense futsalmatches in the Penyateam! 

Ten slotte wil ik heel erg graag mijn lieve Marie bedanken voor al haar liefde 

en (soms eindeloze) geduld in alle fases van mijn promotie. Je hebt op alle manie-

ren een hele belangrijke bijdrage gehad aan dit proefschrift, dus hij behoort zeker 

ook deels aan jou toe! Ik ben het lot heel erg dankbaar dat het ons ooit op dezelfde 

kamer heeft gezet, waarbij ik meteen doorhad dat ik het wel HEEL erg leuk vond om 

in jouw buurt te zijn, iets dat nog elke dag onomstotelijk wordt bevestigd. Al had ik in 

mijn hele promotieonderzoek geen enkel publiceerbaar resultaat geproduceerd, dan 

was deze alsnog geslaagd geweest vanwege het feit dat jou anders nooit ontmoet 

had. 




