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Chapter 1

Introduction
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Clinical aspects of MS

Multiple Sclerosis (MS) is a chronic neuro-inflammatory disease of the central nervous 
system (CNS) characterized by demyelination of axons, infiltration of leukocytes, activation 
of local glial cells and axonal degeneration. Demyelinating lesions can occur throughout the 
brain, leading to a heterogeneous clinical picture. Patients present with a range of symptoms 
including sensory and motor deficits, cognitive deficits, and psychiatric problems. Clinically, 
MS most often starts in a relapse-remitting form (RRMS), where relapses of clinical disability 
alternate with periods of remission of clinical symptoms. After a certain time, RRMS patients 
can progress into secondary progressive MS (SPMS) with clinical disability progression without 
remission. A smaller subset of MS patients (15%) presents with a progressive form of MS 
without relapses from the start of disease, which is known as primary progressive MS (PPMS) 
[1]. Disease diagnosis is based on dissemination in space and time of clinical symptoms and 
of detection of new lesions by magnetic resonance imaging (MRI). Furthermore, the presence 
of IgG oligoclonal bands in the cerebrospinal fluid (CSF) can strengthen the diagnosis [2].

Treatment of MS patients primarily focusses on reducing inflammation and is thus far most 
effective for patients in the RR stage of MS. Treatments can be categorized into first-line 
treatments, with limited side-effects; and second or third-line treatments, most of which 
have better efficacy, but also more severe side-effects such as progressive multifocal 
leukoencephalopathy (PML) (for i.e. Natalizumab). First-line treatments which are 
considered the current golden standard in treatment and are prescribed as initial treatment. 
First-line treatments include administration of interferon (IFN) that dampens the overall 
immune response, Glatiramer Acetate a synthetic copolymer with immunomodulatory and 
neuroprotective effects [3] and dimethylfumerate which has shown to decrease lymphocyte 
counts, especially CD8+ T-cells, creating more of a bias towards anti-inflammatory lymphocyte 
subsets [4]. Second-line treatments which are often prescribed if first-line treatments show 
no or reduced efficacy include Natalizumab, Fingolimod and Alemtuzumab which reduce 
the amount of circulating lymphocytes (Fingolimod, Alemtuzumab) or block the entrance of 
lymphocytes into the CNS (Natalizumab) [5]. Currently, these treatments are only approved 
for RRMS. Treatments have thus far failed to intervene in the course of progressive MS. 
Therefore, patients in the progressive phase of the disease often do not receive MS specific 
drugs as they provide no significant efficacy. Treatment is therefore primarily based on 
symptom management. However recently, Ocrelizumab, an antibody against CD20+ B-cells, 
was approved for treatment of PPMS [6].

MS pathogenesis

The conventional concept of the pathogenesis of MS assumes that MS is a T-cell mediated, 
autoimmune disease. Myelin-reactive CD4+ T-cells infiltrate the brain and attack myelin, 
leading to demyelination. This concept is based on the presence of CD4+ T-cells in the blood 
and cerebrospinal fluid (CSF) of MS patients. In addition one of the earlier animal models 
for MS: experimental autoimmune encephalitis (EAE) is induced by injection of myelin 
components leading to a CD4+ T-cell mediated autoimmune response and subsequent 
demyelination [7]. Though EAE models many of the immunological characteristics of MS, 
the specific antigen (myelin-based or otherwise) inducing the autoimmune response in MS 
patients remains unknown [8, 9]. In addition, more recent data has shown that instead of CD4+ 
T-cells, tissue-resident CD8+ T-cells may be more important in MS pathology. CD8+ T-cells 
are more prominently present in demyelinated white matter parenchyma than CD4+ T-cells 
[10, 11] and drug treatments specifically blocking CD4+ T-cells have proven to be ineffective 
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[10]. More recent theories for the cause of MS have largely abandoned the concept that MS 
is caused by a T-cell mediated autoimmune reaction only. Instead, there has been increased 
attention towards a role of B-cells in MS. This has been spurred by the observation that anti-
CD20 therapies show high efficacy in reducing MS relapses [12]. In addition, it has been 
shown that B-cells may not only produce antibodies but can also produce cytokines and are 
modulators of T-cell responses [13]. It has been shown that MS patients feature higher amounts 
of GM-CSF expressing B-cells producing mainly interleukin (IL)-6 and tumour necrosis factor 
(TNF), propagating disease and enhancing pro-inflammatory responses of myeloid cells [13]. 
Possibly, autoimmunity is also induced by a process, indirectly, mediated by B-cells such 
as by viral infection. In line with this idea, is the emerging evidence that a viral infection 
induces T-cells to respond to myelin via molecular mimicry [14]. Particular focus has been on 
the Epstein-bar virus (EBV) as it has been reported that virtually all MS patients carry EBV 
antibodies, compared to about 90% of the healthy population [15]. Moreover, infiltrated EBV+ 
B-cells and CD8+ T-cells in MS brain parenchyma or meninges imply that EBV+ lymphocytes 
are drawn into the brain and possibly towards myelin [16, 17]. However, as mentioned, EBV 
antibodies are also present in a majority of the healthy population, suggesting that possibly 
other factors (of which none have been definitively established) such as genetic predisposition 
[14, 18] together with an EBV infection are necessary to develop MS. Furthermore, there have 
been studies reporting only very limited RNA detection of EBV in the meninges (2 out of 12 
patients) of post-mortem MS brain tissue [19] thus its direct role in MS pathology remains 
debated.

Rather than focusing on a cause of MS which may lay outside of the brain, i.e. starting in the 
peripheral immune system, others have proposed that the cause of MS may lie inside the 
brain. The observation of myelin damage and axonal transection in the absence of infiltration 
of lymphocytes [20, 21] has led researchers to hypothesize that the cause of MS might be due 
to an initial myelin and/or neuronal dysfunction leading to demyelination. The large amounts 
of myelin debris then elicit the subsequent inflammatory response, e.g. glial cell activation 
and infiltration of leukocytes leading to a secondary immune response [22]. Support for this 
inside-out model of MS is drawn from the lack of efficacy of current MS drugs, suppressing 
the (auto)immune response, in primary and secondary progressive MS. Instead, it is proposed 
that in progressive MS, ongoing neurodegeneration is the main pathology and there is only 
limited infiltration of lymphocytes [23, 24]. Very early MS lesions can show apoptosis of 
oligodendrocytes and local glial activation without the presence of infiltrating lymphocytes 
[25]. In addition, mitochondrial dysfunction can be found in oligodendrocytes in a subtype of 
white matter lesions, suggesting a defect in mitochondria might underlie oligodendrocyte and 
myelin loss in these lesions [26]. Furthermore, preactive lesions (also sometimes referred to 
as microglial nodules) feature activated microglia in the absence of demyelination, associated 
with axonal damage [27, 28]. Possible causes of myelin or neuronal degeneration include an 
imbalance in local glutamate levels leading to glutamate excitotoxicity and subsequent neuronal 
degeneration, or possibly an alteration in the myelin protein itself, causing it to unwrap from 
the axons [29]. Similar to the lack of knowledge about possible antigen initiated autoimmunity, 
the initial event spurring myelin to unwrap from the axon remains to be definitively proven. 
Thus, whereas the occurrence of demyelination in MS is clear, the cause remains unknown.

Pathology of MS

White matter demyelination

In post-mortem material, MS is pathologically defined by a loss of myelin (causing a lesion) 
in either white or grey matter as observed by decreased immunohistochemical staining for 
myelin proteins, e.g. myelin proteolipid protein (PLP1), myelin oligodendrocyte glycoprotein 
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(MOG) or myelin basic protein (MBP). White matter lesions are further pathologically 
characterized by the presence of inflammation as indicated by the appearance of human 
leukocyte antigen (HLA)-DR expressing cells, and infiltrating leukocytes. Currently, several 
pathological classifications for white matter lesions exist, all of which are to a degree based on 
the inflammatory status of the demyelinated tissue such as active, chronic-active (also known 
as smoldering [30]), and inactive. Whereas active white matter lesions feature the presence 
of a large amount of amoeboid shaped HLA-DR+ microglia/macrophages, chronic-active white 
matter lesions show hypocellularity in the center of the lesion with a rim of HLA-DR+ microglia/
macrophages surrounding the demyelinated site (see chapter 5, fig 5). Lastly, inactive lesions 
show demyelination, hypocellularity and more ramified HLA-DR+ cells but no rim of activated 
microglia/macrophages. In addition, pre-active microglial nodules can be observed in MS white 
matter, preceding demyelination and infiltration of leukocytes [27, 31, 32]. An overview of HLA-
DR (microglia/macrophages), CD3 (T-cells) and CD20 (B-cells) immunoreactivity in different 
white matter lesion types is presented in figure 1. It must be noted that many different lesion 
types can be distinguished along this spectrum of active, chronic-active and inactive white 
matter lesions depending on e.g. presence of foamy macrophages, complement activation 
or apoptotic oligodendrocytes [25, 32]. For example, both active and chronic-active lesions 
can be sub-classified into ‘early demyelinating’, ‘late demyelinating’ and ‘post-demyelinating’ 
which sometimes can occur within the same lesion [32]. Although this subdivision within lesion 
types can contribute to the understanding of the pathological mechanisms in white matter 
lesions, it is unclear if they are reflecting actual temporal events in lesion development. In 
addition to markers for inflammatory events, white matter lesions can feature axonal damage. 
While visible at all white matter lesion stages, axonal transection is most prominent in active 
and chronic-active white matter lesions as visualized by an increase in amyloid precursor 
protein (APP) immunoreactivity showing axonal end bulbs [33]. In addition, in an EAE rodent 
model for MS, demyelinated lesions showed axons with decreased axon membrane integrity 
and increased axonal calcium levels [34]. Again, this was most prominent in early, active and 
chronic-active lesions, but remained present in inactive lesions [34]. It has been proposed 
that axonal transection and damage during white matter demyelination is related to grey 
matter demyelination and atrophy. Wallerian degeneration of the transected axon could cause 
additional demyelination, axonal degeneration and neuronal loss in the grey matter [35, 36].
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Figure 1: Overview of representative images of normal appearing white matter (NAWM) and white matter 
lesions (WML) as also used for studies described in part 1 and 2. Per lesion type, all images were made 
of the same lesion stained with PLP, HLA-DR, CD3 and CD20. NAWM is characterized by the presence of 
myelin as indicated by PLP but also extensive presence of HLA-DR+ in ramified/reactive microglia. Some, 
but limited infiltration of CD3+ T-cells can be observed, but there is not clear infiltration of CD20+ B-cells. 
In contrast, active white matter lesions (aWML) show a loss of PLP that is accompanied by an increase of 
active/amoeboid HLA-DR+ cells. In addition, infiltration of CD3+ and CD20+ cells is observed, spreading 
from blood vessels into the brain parenchyma and perivascular space. In chronic active white matter 
lesions (cWML), there are comparatively less HLA-DR+ cells in the demyelinated area, yet HLA-DR+ cells 
still show a reactive phenotype. In addition, infiltration of CD3+ and CD20+ cells is still visible. In inactive 
white matter lesions (iWML) HLA-DR+ cells exhibit a reactive/ramified appearance similar to NAWM. 
Whereas an occasional CD3+ cell can still be observed, no CD20+ cells are visible, similar to NAWM.

Grey matter demyelination

In contrast to white matter lesions, grey matter lesions are currently pathologically defined by 
their location only. Subpial grey matter lesions (type III or type IV) show demyelination starting 
from the outside of the cortex, presumed to be progressing inwards towards the cortical layers 
three and four (type III) or towards the deeper cortical layers, reaching the white matter (type 
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IV). Intracortical grey matter lesions (Type II) are demyelinated grey matter areas within the 
cortex surrounded by normal appearing grey matter, often located close to a blood vessel. 
Lesions that present with demyelination in neighbouring white and grey matter are deemed 
leukocortical lesions (Type I) [32]. Up until recent years, grey matter lesions have not been 
studied as extensively as white matter lesions. This is partly due to difficulties visualizing 
grey matter lesions on conventional MRI (1.5/3 Tesla) in living patients [37] even when more 
advanced sequences are used [38]. Partly, this can be attributed to the already lower amount 
of myelin in the GM compared to the WM leading to loss of MRI signal contrast. Loss of 
myelin in the GM therefore might be too subtle to pick up by conventional MRI. Possibly also 
contributing to a lack of MRI signal is the notable lack of inflammation present in grey matter 
lesions compared to white matter lesions. Grey matter lesions feature a paucity of infiltrating 
leukocytes and only subtle microglial activation, even though demyelination is clearly apparent 
(see figure 2).

The lack of an apparent inflammatory response in grey matter lesions when studied post-
mortem, could be an indication that grey matter lesions form early in the disease and are 
immunologically inactive at end stage of the disease when post-mortem material becomes 
available. In order to gain more insight into the inflammatory status of cortical lesions in living, 
early-stage MS patients, [39]. Lucchinetti et al. obtained cortical biopsy material from MS 
patients concomitant with white matter that was biopsied for suspected tumours. In their 
study they found that 32% of the confirmed MS patients showed cortical demyelination. In 
addition, they showed that foamy, myelin-laden macrophages/microglia were present in a 
large part of the leukocortical lesions (25 of 39 lesions) whereas they were much less present 
in subpial lesions (4/26). These data indicate that cortical demyelination can be present early 
in the disease course, and depending on the location, close to white matter (i.e. leukocortical 
lesions) or not (i.e. subpial lesions), grey matter lesions contain more or less inflammatory 
cells. This is similar to what is observed post-mortem. In addition to the presence of cortical 
demyelination early in the disease, it was shown that diffuse meningeal inflammation was 
present in this subset of patients [39] and it was postulated that meningeal inflammation is 
involved in cortical pathology possibly through diffusion of cytokines (e.g. TNFα and/or IFN-γ) 
or some sort of soluble factor into the parenchyma [40-43]. Further research has shown 
that meningeal inflammation in MS is primarily associated with neuronal loss and microglial 
activation throughout the cortex and is not limited to demyelinated cortical areas [40, 44]. 
The exact causative role of meningeal inflammation with regard to cortical demyelination 
is therefore still unclear and debated [45]. Interestingly, recent work has shown that while 
leukocortical lesions and intracortical lesions, as well as meningeal inflammation can be found 
in other auto-immune diseases and demyelinating diseases (e.g. ADEM), subpial cortical 
demyelination appears to be specific for MS pathology [46].

Glial cells

Glia is a term used in this thesis to refer to: microglia, astrocytes and oligodendrocytes. From 
these three cell types, astrocytes and oligodendrocytes share their neuro-ectodermal origin 
with neurons [47] whereas microglia derive from the yolk-sac and are myeloid cells [48]. A 
brief introduction to oligodendrocytes, astrocytes and microglia will be given below. 
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Figure 2: Overview of representative images of NAGM and grey matter lesions (GML) as also used for 
studies described in part 1 and 2. Per lesion type, all images were made of the same lesion stained with 
PLP, HLA-DR, CD3 and CD20. Myelin, indicated by PLP is still visible in the NAGM. Immunoreactivity 
for HLA-DR, CD3 and CD20 is mostly absent. In grey matter lesions, demyelination is shown by a lack 
of PLP. Whereas there is a slight increase in HLA-DR+ cells, no infiltrated CD3+ or CD20+ cells can be 
observed

Oligodendrocytes

Oligodendrocytes are the glial cells primarily responsible for axonal myelination in the 
CNS and thus may facilitate fast axonal transmission of neuronal signals. Using their 
extensive processes, oligodendrocytes wrap myelin around axons. As the myelinating 
oligodendrocyte and the axon are metabolically coupled, the oligodendrocyte subsequently 
also plays an important role in maintaining axonal integrity [49]. Oligodendrocytes derive from 
oligodendrocyte precursor cells (OPCs), which migrate into the white and grey matter, identify 
axons, and differentiate into mature myelinating oligodendrocytes [49]. This process is also 
apparent after CNS development, upon oligodendrocyte damage or death, remaining resident 
OPCs can then differentiate into myelinating oligodendrocytes.

Astrocytes

Based on morphology alone, several subtypes of astrocytes have been identified depending 
on where in the brain they reside. Laminar astrocytes can be found in layer 1 of the cortex 
whereas protoplasmic astrocytes can primarily be found in layers 2 to 6. In layer 5 and 6, 
varicose astrocytes can also be found. Astrocytes in the cortical layers 1 to 6 are defined by a 
complex cell process morphology. The white matter shows primarily fibrous astrocytes which 
have a larger cell soma and less cell process complexity [50]. Furthermore, astrocyte end-feet 
form the glia limitans, part of the blood-brain barrier (BBB), shielding the brain from influences 
outside.

Whereas astrocytes previously have been deemed neuronal support cells, it has become 
clear that astrocytes instead play an active role in synaptic transmission through attachment to 
neuronal synapses (i.e. the tripartite synapse [51, 52]. Calcium (Ca2+) signaling in astrocytes 
is induced by neurotransmitter ‘spillover’ binding to astrocytic neurotransmitter receptors. 
Astrocytes respond and modulate synaptic transmission by inducing astrocyte excitability 
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measured by increased levels of Ca2+ within the astrocyte, inducing release of glutamate 
from the astrocyte into the synaptic cleft [51]. Depending on their anatomical location (e.g. 
hippocampus versus spinal cord) astrocytes show differential Ca2+ signalling [53] suggesting 
differential modulation of neuronal signalling in different brain areas. Moreover, when there is 
an abundance of glutamate in the synaptic cleft, astrocytes take up this glutamate and convert 
it to glutamine, a glutamate precursor [54].

In addition to a subdivision based on morphology or Ca2+ signalling, astrocytes can also 
be functionally subdivided based on the presence of inflammation. So-called A1 astrocytes 
can be induced by reactive microglia and incubation with interleukin(IL)-1, tumour necrosis 
factor (TNF) and complement (C)1q and are destructive to neurons and synapses, whereas 
A2 astrocytes, though induced by IL-1, are considered to be neuroprotective [55]. The strict 
separation of astrocytes in A1 or A2 phenotypes is currently under debate [56] and is likely 
too much of a simplification. Other phenotypes have since been described based on e.g. 
expression of GLAST [57] or MAGF [58]. Yet, it does highlight the heterogeneity of astrocytes 
which may be present depending on the local environment. Although astrocyte heterogeneity 
is largely defined by the local environment they are in (i.e. anatomical brain location or 
presence of inflammation), astrocytes also actively shape their own environment by deposition 
of extracellular matrix proteins [59] which can be induced by inflammation [60]. In addition, 
significant damage induced by (demyelinated) lesions can lead to astrocytic scarring. It has 
long been thought that these astrocytic scars, consisting of GFAP+ hypertrophic astrocytes 
[61] inhibit regeneration of axons [62]. However more recently it has been shown that the 
formatting of astrocytic scarring may aid neuronal regeneration by astrocytic expression of 
axon growth supporting molecules [63].

Microglia

Microglia are considered the immune effector cells of the brain. Originally thought to originate 
from bone marrow, it is now clear the microglia originate from the yolk-sac and are therefore a 
different cell type than bone marrow-derived monocytes and tissue-resident macrophages [64]. 
Indeed, several markers have since been identified distinguishing homeostatic microglia from 
macrophages such as TMEM119 and P2RY12 [65-68]. Similar to astrocytes, sequencing data 
have revealed that at the gene expression level, various microglial subtypes can be identified 
depending on e.g. location within the brain [69, 70], disease [71-73] or age [71, 74, 75]. Next 
to differences at the gene level, microglia are highly transformable and can adopt various 
morphologies depending on their environment, ranging from a round, amoeboid morphology 
to a highly ramified morphology [76]. These morphologies can reflect local microglial function: 
Amoeboid microglia are often found in areas with heavy inflammation where they participate 
in phagocytosis of debris or pathogens, whereas highly ramified microglia use their ramified 
processes to actively survey the local environment for pathogens or damage, likely to protect 
neurons [76-78]. In addition, it has become clear that microglia are not merely the immune-
effector cells of the brain and instead serve multiple functions related to maintaining brain 
homeostasis. Examples of microglia involvement in brain homeostasis include a role in 
synaptic pruning during brain development [79] and regulation of synaptic plasticity and long-
term potentiation by release of IL-1 [80].

Glial cells in MS

Depending on the state of the brain i.e. diseased compared to healthy, the function of glial 
cells can change drastically, sometimes supporting resolution of pathology and sometimes 
perpetuating disease [81, 82]. Both these components are present in MS.
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Oligodendrocyte precursor cells (OPCs) have been shown to be able to present antigen 
when exposed to IFN which is often released from lymphocytes [83] thereby prolonging the 
inflammatory response. A seminal paper by Barnett Prineas (2004) showed that apoptosis 
of oligodendrocytes is present very early on in MS lesion formation even before lymphocyte 
infiltration into the brain parenchyma. Possibly suggesting that MS is an oligodendrocyte 
disease. However, Barnett Prineas (2004) also observed increased microglial numbers and 
microglia adopting an amoeboid phenotype close to apoptotic oligodendrocytes suggesting 
a microglial response. Microglial related factors can induce OPC apoptosis [84, 85] but 
interestingly, microglia can also support OPCs and oligodendrocytes in (re)myelination [86, 
87]. Furthermore, it has been shown that oligodendrocytes also depend on astrocytes as they 
require astrocyte-derived lipids for myelination [88]. Taken together, these studies show that 
while oligodendrocytes and OPC’s are crucial in (de)myelination, they are likely affected in 
their functioning, and possibly regulated by the response of other glial cells such as microglia 
and astrocytes.

In MS, a microglial and astrocytic response is especially prominent in white matter lesions. 
As described earlier, depending on lesion stage, activated microglia can be observed in 
the lesion phagocytosing myelin, or in a rim surrounding the lesion which then features 
hypertrophic astrocytes. It is likely that depending on the lesion stage and lesion location, glia 
exert different functions. Studying glial phenotype and function in MS could be of importance 
especially for the more progressive stages of MS where massive infiltration of leukocytes in 
white matter lesions is absent [23]. Yet, there is a continuing process of neurodegeneration 
and cortical atrophy. In addition, (micro)glial inflammatory activity remains present [89] and 
glial cells could play either a beneficial or detrimental role in these processes. Elucidating their 
exact role could elucidate new targets for treatment of (progressive) MS.

Astrocytes

The role of astrocytes in MS has to date remained relatively understudied. Pathologically, 
there is a clear difference between the astrocytic response in demyelinated white and grey 
matter. White matter lesions show activation of astrocytes as indicated by the adoption of a 
hypertrophic morphology and increased expression of glial fibrillary acidic protein (GFAP). 
Astrocytic scarring in and around white matter lesions is relatively absent in grey matter 
lesions, though an increase in GFAP+ astrocytes in the GM has been reported in patient 
material with meningeal inflammation [90]. Similarly, deposition of ECM proteins by astrocytes 
has been observed in white matter lesions but not in grey matter lesions [91]. As astrocytic 
scarring and deposition of ECMs could hinder remyelination [92], it could be that remyelination 
which is more present in grey matter lesions [93] is facilitated by the absence of hypertrophic 
astrocytes and concomitant ECM deposition.

Microglia

The role of microglia has been extensively studied in MS, especially in demyelinating and 
demyelinated white matter. It is understood that depending on the lesion stage, microglia 
play a different role [94]. Whereas in active white matter lesions there seems primarily a role 
for infiltrated macrophages [95], the rim of chronic-active lesions primarily features microglia 
possibly promoting ongoing inflammation [30]. Interestingly, microglia may only play a limited 
role in axonal degeneration. It has been reported that axonal de- and regeneration is not 
influenced by depletion of microglia in rodents [96]. However, microglia have been shown to 
play a role in synaptic pruning [97, 98]. In MS, microglia engulf presynaptic terminals, mediated 
by expression of complement (C)3 by synapses, which was absent in healthy controls. This 
synaptic pruning can be blocked by inhibiting expression of C3 on synapses [98]. Of note is 
that these interesting findings were irrespective of the presence of grey matter demyelination 

Boekje_271221.indd   15Boekje_271221.indd   15 4-1-2022   12:21:594-1-2022   12:21:59



16

in a marmoset EAE model, suggesting synaptic pruning by microglia in the MS grey matter 
may not be induced by local myelin loss but could be a secondary response to increased 
inflammation. This is in line with reports of microglial activation in the cortex of patients 
with substantial infiltration of lymphocytes in the meninges. Post-mortem material of these 
patients show increased microglial activation which is not correlated to cortical demyelination 
[90]. However, other studies using human cortical biopsies indicated that the presence of 
meningeal inflammation was predictive for the presence of demyelination [39]. Though a role 
for microglia in white and grey matter MS pathology seems clear, it remains a topic of research 
to disentangle their exact role in both regions.

Studying glial cells

There are many possibilities to study glial cell morphology, gene expression and function. 
In the present thesis, we used post-mortem rodent or human glial cell cultures and human 
brain tissue for analysis. Whereas there are several animal models for MS, none so far have 
been extensively characterized when it comes to grey matter demyelination. Though there 
have been reports of grey matter demyelination in the mouse cuprizone model [99, 100] and 
there has been a recent development of an animal model recapitulating MS with meningeal 
inflammation [101] we have chosen to study primarily human material that incorporates glial 
cells from white and grey matter of MS relevant conditions.

Post-mortem human brain tissue

As it has become increasingly clear that processes in rodents do not always recapitulate 
the human disease process, the availability of post-mortem brain material of MS patients is 
crucial in understanding human disease pathology. At autopsy, brain material is either snap-
frozen in liquid nitrogen or fixed in formalin before embedding in paraffin (FFPE). Mostly, this 
material is used for immunohistochemical purposes, either studying disease pathology or 
as a validation for mechanisms found in e.g. cell or animal models. However, this material 
can also be used in other ways: Fresh human material can be used to generate primary 
human microglia cultures and snap-frozen material can be used to extract RNA as input 
for qPCR or sequencing. These techniques highlight the research potential of using human 
post-mortem material. However, human post-mortem material has various limitations. First, 
there is an inherent bias introduced by the fact that post-mortem material is acquired at end 
stage disease, has some post-mortem delay and in the case of MS patients reflects mostly 
progressive stages of the disease [89]. Second, the clinical disease course and/or detailed 
information on treatments before death are not always complete and are reliant on the 
information obtained from medical doctors. Therefore, it is yet unexplored what the effect of 
treatment could be on pathological characteristics of tissue obtained at post-mortem. Lastly, 
contrary to animal or cell models, when using human brain tissue, only observational and not 
mechanistic studies can be performed.

Glial cell cultures

Primary cell cultures of astrocytes and microglia are important to study the response of 
glial cells to specific stimuli without interference with other variables. This property can be 
considered both a strength and weakness of the technique. Most studies using rodent-derived 
primary glial cells report data from postnatal pups. This protocol has the advantage that it 
has been widely used and validated and features a relatively simple protocol yielding a high 
number of glial cells viable for culture. However, glial cells in rodent pups are still in the 
developmental stage possible affecting glial function. Another option is to culture primary glial 
cells derived from adult (> 3 months) rodents. Generally, the yield of viable cells is much lower, 
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but arguably the model is more reflective of an adult stage when neurological diseases such 
as MS mostly develop. When specifically interested in human glial cells, primary microglia can 
be cultured from human post-mortem material. However, primary microglia from post-mortem 
material are subject to changes induced by death such as i.e. the pH of the CSF [102] and 
thus cell viability can greatly differ between cultures from different donors. In addition for all 
types of cultures it has been shown that culturing conditions themselves can have significant 
impact on i.e. glial gene expression [103]. Lastly, culturing primary astrocytes from human 
material has proven to be very difficult, possibly due to the size and increased morphological 
complexity of human astrocytes compared to rodents [50]. In the recent years, the advent 
of induced pluripotent stem cell (iPSC)-derived glial cells has opened up new possibilities to 
study human glial cells, though these models are still being validated and have to date not 
been used extensively to study glial aspects of MS [104].

Biomechanical properties of glial cells

Whereas the previous paragraphs described techniques to identify morphological and 
biochemical (e.g. studying gene or protein expression) properties of glial cells, they can also 
be defined by their biomechanical properties. Cells are mechanosensitive, i.e. they can sense, 
and respond to mechanical changes which can be indicative for their function. For example, 
whereas microglia prefer to migrate to stiffer substrates, neurons prefer softer substrates [105, 
106] and glial morphology is more spread out on stiffer substrates than on softer substrates 
[106-108]. Furthermore, cells use these mechanical cues to determine cell fate and function. 
During development, environmental mechanical cues guide axon growth [109] and determine 
microglia morphology and function [110]. Cells themselves can also be described into 
biomechanical terms. A seminal paper by Bufi et al. (2015) showed that immune cells are 
characterized by a different elasticity depending on their subtype and presence of specific 
inflammatory cytokines [111]. The presence of inflammation can significantly affect cell 
biomechanical properties. Several studies using macrophages show a change in cell elasticity 
when treated with (pro)inflammatory mediators. Interestingly, both a decrease and an increase 
in cell elasticity have been described, possibly due to the difference in cell type studied. 
Based on the finding that monocytes are considerably more elastic than (tissue resident) 
macrophages, it has been speculated that increased elasticity could be related to increased 
migratory ability as monocytes are circulating immune cells which need to migrate through 
i.e. blood vessels to the site of injury [112]. Indeed, when incubated with a chemoattractant, 
monocytes decreased their elasticity whereas macrophages increased their elasticity [112]. 
These data show that there is heterogeneity in cell biomechanical properties depending on cell 
type and the environment they are in. Biomechanical changes are also apparent in MS. MS 
is defined by the presence of demyelinated plaques ‘hard to the touch’ [31] indicating scarred 
tissue. However, recent research has shown that active white matter lesions are actually 
softer than the surrounding normal appearing matter, whereas only chronic-(in)active lesions 
are significantly stiffer [113]. Of note is that whereas active white matter lesions are defined by 
a large influx of macrophages/monocytes and microglia, chronic-active white matter lesions 
feature prominent astrocytic scarring. In contrast, astrocytic scarring in the rodent grey matter 
is significantly softer than the surrounding tissue [114]. These data imply that the cellular 
composition as well as the brain location of damage determine lesion stiffness.

It remains an intriguing question as to what underlies biomechanical changes in cells. The 
measure most often reported for cells is their elasticity (also known as storage modulus). 
Cell elasticity has been shown to correlate to cytoskeletal proteins, most notably F-actin. It 
is observed that when cells show reduced elasticity, there is an increase in global F-actin 
signal when F-actin is measured using immunocytochemistry [111]. However, next to global 
changes in F-actin signal, (actin) cytoskeletal rearrangement can also lead to changes in cell 
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elasticity [115, 116]. There is less data on a relation between other cytoskeletal proteins and 
cell elasticity. It has been shown that overall cytoskeletal maturity correlates with a reduced 
cellular stiffness, with increased cell elasticity after prolonged culture times correlating with 
increased signal for actin, intermediate filaments and microtubules [117]. Another measure 
which can be used to study specific cell mechanical properties is a measurement of the 
viscous component (also known as the loss modulus). Measuring the viscous component 
of cells gives an indication of their fluid-like behaviour. The viscous component of cells has 
been linked to cytoplasm volume i.e. a larger cytoplasmic volume leads to a higher viscous 
component thus more fluid-like behaviour [118]. This viscous component and the elastic 
component of cells are likely linked, however, using both to describe cell biomechanical 
properties under e.g. inflammatory conditions, can help in elucidating what determines these 
biomechanical properties and what they mean for cell functioning. A measure for the relative 
impact of either the viscous component or the elastic component is the damping factor, which 
is simply a ratio between the two (storage modulus / loss modulus). A damping factor <1 
indicates that there is a higher impact of a change in the viscous component (i.e. more fluid 
like behaviour) whereas a damping factor >1 indicates a larger effect of a change in the elastic 
component. As mentioned before, active white matter lesions present with a softer signature 
than chronic-active lesions. This could also be due to an increase in their viscous component, 
suggesting increased cytoplasmic volume after

Figure 3: Explanation of the basic mechanism used to measure the biomechanical properties of cells. (1) 
A sphere tipped probe is slowly lowered onto the cell to a specified depth. When in contact with the cell, 
the stiffness of the cell will lead to a certain deflection of the probe. Using this deflection, the stiffness of 
the cell can be deduced. (2) The deflection of the probe when in contact with the cell is dependent on 
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the properties of the probe, and the correct probe to use needs to be experimentally validated. A probe 
that is too stiff will lead to an underestimation of the cell stiffness as there is a risk that the probe will not 
deflect, but instead will go through the cell. A probe that is softer than the cell stiffness could lead to an 
underestimation of cell stiffness as the probe will show a large deflection. (3) In order to measure both 
cell stiffness and the viscoelastic properties of the cell, the probe is lowered onto the cell in a dynamic 
way i.e. the probe oscillates when lowered onto the cell (displayed in an exaggerated manner on the left). 
From the extent to which the load (visible in the Y-axis) corresponds to the indentation depth (visible on 
the Z-axis) we can deduce the relative viscoelasticity of the cell using a Hertz model. Time is plotted on 
the X-axis.

e.g. phagocytosis of myelin. Thus, combining these measurements is of considerable interest. 
Similarly to atomic force microscopy (AFM), dynamic depth controlled indentation can be 
utilized to calculate cell elasticity and viscosity by measuring the deflection of a probe which 
is lowered onto the cell with a certain load (see Figure 3). It has the advantage over AFM that 
it is fully adaptable to cell-specific situations and due to its high sensitivity is better adapt to 
measure soft (i.e. cellular) materials [119]. Taken together, we propose that measuring the 
biomechanical properties of glial cells could lead to new, additional insights into their function. 
Elucidating under which conditions biomechanical changes occur in glial cells could help gain 
more insight in their function in stiff (i.e. chronic-active) and soft (i.e. active) MS lesions.

Aims and outline of the thesis

MS is the most common immune-mediated neurological disease among young adults. However, 
to date the cause of MS remains unknown. In addition, whereas its primary pathological 
characteristic, demyelination, can be observed both in white and grey matter, relatively little is 
known about grey matter pathology and how it relates to white matter pathology. Considering 
the relative absence of infiltrated leukocytes in the brain parenchyma of MS grey matter, glial 
cells, ubiquitous throughout the brain may be of considerable importance in both white and 
grey matter pathology. In the grey matter especially, they may also be the intermediate between 
meningeal inflammation and grey matter pathology. However, whereas there are numerous 
studies reporting data on microglia and astrocytes in the various types of demyelinated white 
matter lesions compared to normal appearing matter, and various other studies reporting 
data from demyelinated grey matter lesions e.g. with and without meningeal inflammation, 
the direct comparison of demyelinated white to grey matter and vice versa is rarely made. 
Whereas there is increasing knowledge on grey matter and white matter specific pathological 
events, it is unclear which pathological events (other than the event of demyelination) are 
shared or which are divergent between the two areas. This information can be crucial in 
determining the primary pathological causes of MS and possible secondary pathological 
events. Ultimately, these data may aid in determining treatment strategies which may be able 
to alleviate damage in both white and grey matter or by developing add-on therapies targeting 
secondary pathologies which may aid in reducing clinical symptoms or which may boost the 
effect of current treatment strategies to also tackle the silent progression of the disease.

Thus, we set out to study glial cells in both (demyelinated) white and grey matter in order to 
better understand primary and secondary MS pathology and how we can disentangle the two. 
Our primary aims were: 

1)  Determine gene expression profiles of white and grey matter MS lesions and discuss 
the usability of RNA sequencing data for further research on the role of glial cells in MS.

2) Study microglia status in grey matter lesions compared to white matter lesions using 
post-mortem human MS tissue.

3) Explore the biomechanical properties of white and grey matter derived rodent glial 
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cells.

Concurrent with the first aim, chapter 2 of this thesis features a study where we employed 
laser capture microscopy followed by RNA-sequencing to create a dataset of (glial) gene 
expression of white and grey matter demyelinated areas from demyelinated as well as normal 
appearing leukocortical lesion areas present in post-mortem MS material. With these data, 
we gain more insight into the differential (glial) gene expression in white and grey matter 
demyelinated areas which may contribute to understanding of the processes ongoing in these 
areas, resulting in possible novel targets to combat white and grey matter pathology, i.e. when 
MS progresses and grey matter pathology becomes more apparent.

Recently, there has been a surge in (single-cell) RNA sequencing studies of glial cells, most 
notably microglia, in the field of MS but also for other diseases such as Alzheimer’s disease 
(AD). Concomitant with this surge in papers, there is also an increase in new large datasets. 
In order to gain insights into the use of these large datasets for subsequent research by wet-
labs without ready access to bioinformatic analyses, we compared reported genes in MS and 
AD papers or supplementary materials containing microglial single-cell RNA sequencing and 
give some recommendations to possibly increase the usability of this data (chapter 3). As 
in chapter 2 we observed microglial gene expression changes in grey matter demyelinated 
areas, we set out to examine the microglia status in grey matter demyelinated areas and 
compared these to demyelinated white matter areas. In chapter 4 we propose that a role for 
microglia is also crucial in grey matter demyelinated areas, though this might be different than 
in white matter demyelinated areas. Thus, chapter 5 features a study where we characterized 
the inflammatory environment of white and grey matter lesions and studied the expression 
of two microglial specific markers (TMEM119 and P2RY12) in post-mortem derived human 
tissue and human primary microglial cell cultures using immunohistochemistry and qPCR.

In addition to biochemical changes, it has been shown that biomechanical changes of cells 
can be important for cell functioning. This may be of relevance for grey and white matter 
pathology as observed in MS. We thus set out to explore the mechanical properties of glial 
cells and study the relation of mechanical properties to glial functioning. We performed two 
studies where we used primary glial cells cultured from white and grey matter enriched 
areas (brainstem and cortexs) from adult rats for indentation studies in order to explore the 
possible biomechanical responses of white and grey matter derived glial cells as an additional 
outcome of glial responsivity. An explanation and validation of indentation on astrocytes of 
primary mixed glial cell cultures is described in chapter 6. In addition, this chapter features 
biomechanical data of white and grey matter derived astrocytes at baseline and when 
incubated with bacterial lipopolysaccharide (LPS) resulting in microglial pro-inflammatory 
cytokine production as found in MS. Lastly, in chapter 7, indentation is used to gain more 
insight into the mechanical properties of microglia under inflammatory and non-inflammatory 
conditions mimicking MS and is related to data from qPCR and immunocytochemistry. We 
studied whether the mechanical response of white and grey matter derived microglia to LPS 
is related to a differential biochemical response.

Finally, this data is discussed and summarized in the general discussion (chapter 8).
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Abstract

Demyelination of the CNS is a prominent pathological hallmark of multiple sclerosis and 
affects both white and grey matter. However, demyelinated white and grey matter exhibit 
clear pathological differences, most notably the presence or absence of inflammation and 
activated glial cells in white and grey matter, respectively. In order to gain more insight into 
the differential pathology of demyelinated white and grey matter areas, we micro-dissected 
neighbouring white and grey matter demyelinated areas as well as normal appearing matter 
from leukocortical lesions of human post-mortem material and used these samples for RNA-
sequencing. Our data show that even neighbouring demyelinated white and grey matter of 
the same leukocortical have a distinct gene expression profile and cellular composition. We 
propose that, based on their distinct expression profile, pathological processes in neighbouring 
white and grey matter are likely different which could have implications for the efficacy of 
treating grey matter lesions with current anti-inflammatory based multiple sclerosis drugs.

Introduction

Multiple sclerosis is a neurological disorder pathologically characterized by inflammation, 
demyelination and axonal damage in the central nervous system (CNS). It is the most common 
immune-mediated neurological disease among young adults, clinically represented by 
heterogeneous symptoms including sensory and motor deficits as well as fatigue and cognitive 
dysfunction[1]. Although demyelination is the pathological hallmark of multiple sclerosis, large 
differences exist between demyelinated white and demyelinated grey matter. Post-mortem 
analyses revealed that demyelination in the white matter is accompanied by activation of local 
glial cells and infiltration of peripheral leukocytes including monocytes and lymphocytes. In 
contrast, demyelinated grey matter areas show a paucity of activated glial cells and little to 
no infiltration of peripheral leukocytes [2-4]. Several hypotheses have been put forward as to 
why demyelinated white and grey matter differ in their pathology including (1) the presence of 
neuronal cell bodies, suppressing an immune response in the grey matter [5, 6], (2) a difference 
in the abundance of myelin eliciting an immune response [7] or (3) that grey matter pathology 
is largely driven by the presence of meningeal infiltration of B-cells instead of parenchymal 
infiltration of leukocytes, as is observed in the white matter [8-10], Thus far, analyses of brain 
material from MS patients, suggest that, irrespective of the presence of infiltrating leukocytes; 
glial cell activation, chronic oxidative injury and accumulation of mitochondrial damage in 
axons are important contributors to the pathological processes in white matter lesions 
ultimately leading to axonal loss [1]. Similarly, astrocyte scarring, represented by hypertrophic 
astrocytes and deposition of extracellular matrix proteins is present in the demyelinated white 
matter only [11, 12]. In contrast, in the grey matter, the role of glial cells, including microglia 
and astrocytes in MS pathology is largely unknown, but glial cell reactivity could be affected 
by cerebrospinal fluid (CSF) or meningeal–derived inflammatory factors, e.g. complement or 
cytokines [13-15]. The direct relation between inflammation in meninges or CSF and cortical 
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demyelination is, however, at least questionable [16, 17].

To date, the clear difference in pathological appearance and molecular mechanisms underlying 
demyelinated grey and white matter MS lesions, have not been backed up with a more in 
depth analysis that may guide understanding of pathways involved. Though there have been 
several studies investigating gene expression in demyelinated and normal-appearing white 
matter in humans (for a review see [18]) and in mouse models of MS (including but not limited 
to [19-21]) sequencing data of MS (demyelinated) grey matter is relatively sparse. Until now 
micro array data of MS normal matter [22] have appeared. Although of interest, none of these 
studies looked into gene expression profile differences between grey and white matter MS 
lesions compared to normal appearing grey and white matter. In addition, the focus of most 
of these grey matter expression studies is on subpial demyelination only. We consider the 
comparison of gene expression profiles of pathologically confirmed demyelinated white and 
grey mater material compared to its respective normal appearing matter of considerable 
importance. Particularly, because current drug treatment of MS patients focuses on reducing 
the inflammatory components of the disease, e.g. less influx of lymphocytes as occurs in 
white matter lesions only. In demyelinated grey matter, the relative absence of these cells 
may point to another, less inflammatory, mechanism underlying demyelination, which may 
impact upon therapy development. In the present study, we thus analysed demyelinated white 
and grey matter from the same histologically verified post-mortem human leukocortical MS 
lesion and normal appearing tissue blocks by RNA sequencing to generate transcriptomic 
data. Using these data we address the gene expression profile of (demyelinated) grey matter 
and (demyelinated) white matter and compare these to each other. In addition we assess the 
effect of a different cellular composition in (demyelinated) white and grey matter and the effect 
on the gene expression profile and enriched pathways. 

Materials and Methods

Human brain tissue

Fresh-frozen tissue blocks and formalin-fixed paraffin embedded (FFPE) human brain tissue 
blocks were obtained from the Netherlands Brain Bank and the Amsterdam Multiple Sclerosis 
Centre, Amsterdam UMC and were selected from material available from the years 2003 to 
2019. The inclusion criteria were (1) availability of both frozen and FFPE tissue, (2) clear loss 
of PLP immunoreactivity encompassing neighbouring white and grey matter (3) amoeboid, 
activated MHC-II positive cells within the demyelinated white matter of the lesion. In practice, 
we observed that whereas sometimes there was a leukocortical lesion present in the collected 
FFPE material, this was not always the case in the frozen material. Therefore, at a later time 
point, we also included leukocortical lesions and concomitant normal appearing matter present 
in frozen or FFPE only material. In compliance with all local ethical and legal guidelines, 
informed consent for brain autopsy and the use of brain tissue and clinical information for 
scientific research was given by either the donor or the next of kin. Clinical information can be 
found in Table 1. 
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Immunohistochemistry

Fresh frozen and FFPE tissue blocks were sectioned at 10 µm and mounted on positively 
charged glass slides (Menzel-gläser, ThermoFisher Scientific) . Cryo-section were fixed in 
100% acetone for 45 min, dried and washed in 0.1 M Tris-buffered saline (TBS; pH 7.6 ), 
whereas FFPE sections were deparaffinized before undergoing antigen retrieval using 10 
mM Tris buffer containing 1 mM EDTA (Tris-EDTA, pH 9). Subsequently, all sections were 
incubated for 20 min with 1% H2O2 in TBS to block endogenous peroxidase, washed in TBS 
and incubated for 30 min in 5% donkey serum in TBS with 0.1% Triton-X (block buffer) to block 
non-specific antibody binding. Thereafter, sections were incubated with primary antibodies 
(see Suppl. Table 1) diluted in block buffer overnight at 4°C. Then, sections were washed 
with TBS and incubated in block buffer containing biotinylated donkey anti mouse IgG 
(1:400, Jackson laboratories), donkey anti rabbit IgG (1:400, Jackson laboratories) or donkey 
anti goat IgG (1:400, Jackson laboratories) or goat anti guinea pig (1:400, Vector) at room 
temperature (RT) for 2 hr. Subsequently, sections were washed in TBS and incubated for 1 
hr with horseradish peroxidase (HRP)-labeled avidin-biotin complex (ABC complex, 1:400, 
Vector Labs) at RT Immunoreactivity was then visualized by adding 3,3-diaminobenzidine 
(DAB, Sigma, St. Louis, USA) and sections were counterstained with hematoxylin. Sections 
were subsequently dehydrated in graded series of ethanol, cleared in xylene and mounted 
with Entellan (Merck). Slides were scanned using a Vectra Polaris slidescanner and images 
included into the figures were selected using QuPath [23].

Double-labelling immunohistochemistry was performed on FFPE sections treated similarly as 
described above until the incubation with primary antibodies). Sections were incubated with 
combinations of primary antibodies diluted in block buffer, overnight at 4°C (Suppl. Table 1). 
Sections were washed in TBS and incubated with ImmPRESS alkaline phosphatase (AP) 
anti-rabbit (CD11c, PLSCR4, EAAT2) for 30 min at RT. Subsequently, slides were washed in 
TBS and incubated for 30 min at RT with Envision+ horse radish peroxidase (HRP) labelled 
polymer anti-mouse (GFAP, CD68; DAKO) or Immpress-HRP anti-goat IgG polymer detection 
kit (Iba-1, Vectorlabs). Subsequently, AP immunoreactivity was visualized by adding Liquid 
Permanent Red (LPR, DAKO) and HRP immunoreactivity was visualized using the Vector 
SD Peroxidase kit (Vectorlab). Subsequently, sections were washed in TBS and demi-water 
before being dried on a heat plate at 37°C before and cleared in xylene and mounted with 
Entellan (Merck). 

Immunohistochemically stained sections were scanned using a Vectra Polaris slide scanner 
or images were obtained using a Leica DM5000B microscope. Pictures of double labeled 
sections were taken at wavelengths ranging from 480 nm to 680 nm at 63x magnification using 
the Nuance multispectral imaging system (PerkinElmer). LPR stained cells (red) and Vector 
SG stained cells (grey) were separated based on their light emission which yields images 
similar to fluorescently labelled antibodies [24]. Using the open source software ImageJ[25] 
compositions of the separated signals were then made to visualize co-localization (see Suppl. 
Fig. 1 and 2). 
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Laser capture microscopy 

Sample preparation for laser capture microscopy (LCM) was done as previously published[26] 
with slight modifications. In short: fresh frozen tissue blocks were sectioned at 10 µm in an 
RNAse free cryostat and mounted on PEN-slides (Leica). Immediately after mounting, the 
sections were fixed in 100% molecular grade ethanol for 10 min and dried. Subsequently, the 
sections were stored at -80°C, paired back to back in a 50 ml tube containing silica gel as 
a desiccant. Upon use for LCM, sections were taken from storage and immediately put into 
100% molecular grade ethanol, rehydrated to 70% ethanol and then stained in 4% cresyl violet 
in 70% ethanol for 45 sec. After staining, sections were dehydrated in an ethanol series (up to 
100% ethanol). Sections were dried and then stored again in 50 ml tubes containing silica gel 
on dry ice before commencing LCM. Upon use for LCM, frozen, cresyl-violet stained sections 
on PEN-slides were transferred to 100% ethanol for 1-2 minutes and dried. Normal-appearing 
white and grey matter and demyelinated white and grey matter were localized and dissected 
using the Leica LMD6500 system (Leica, Germany). Per section, 3 squares of tissue per area 
were captured. Per patient, tissue was captured from 6-12 cresyl violet stained sections. We 
repeated this procedure for subsequent quantitative PCR (qPCR) analysis using tissue from 
a subset of the same patients used for RNA-seq and two additional patients (see Table 1). 

RNA isolation and RIN determination

Pooled laser captured samples per area per patient were collected in 50 µl extraction buffer 
of the ARCTURUS® PicoPure® RNA Isolation Kit (ThermoFisher Scientific), incubated at 
42°C for 30 min (according to the manufacturers protocol) and stored at -80°C until further 
use. RNA was isolated according to the manufacturers protocol with an additional DNA-se 
digestion step using the Qiagen RNAse free DNAse kit (Qiagen, Germany). RNA quality and 
concentration of all samples were determined using the Agilent Bioanalyzer before and after 
the LCM procedure. 

In total, eleven frozen tissue blocks from eleven patients with MS featured a type I leukocortical 
lesion that fitted the previously established pathological criteria. The mean ± standard 
deviation (SD) RNA integrity indicated by the RNA integrity number (RIN) score of the tissue 
blocks before the LCM procedure was 6.2 ± 1.2. After the LCM procedure the mean±SD 
RIN value of laser-captured samples was 5.1 ± 1.2 which was considered appropriate to be 
used for RNA sequencing. For additional qPCR ,we obtained two more frozen tissue blocks 
with leukocortical lesions from two additional patients However, we could not include all the 
tissue blocks used for RNA-seq a second time for qPCR as we had no left over material from 
some blocks. We repeated the experimental procedure to generate RNA samples for qPCR, 
tissue used for this experiment can be found in Table 1. More information on the RIN of these 
samples and choice of housekeeping genes can be found in Supplementary data 1. 

RNA sequencing

Sequencing libraries were prepared with the Quant Seq 3’ mRNA seq Library Prep Kit 
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FWD (Lexogen, Vienna, Austria). The libraries were sequenced on a NextSeq platform.  
 
Data Analysis 

Quality control of the raw FASTQ files was performed with FASTQC. Bad quality bases were 
trimmed with TrimGalore version 0.4.5. Sequences were aligned using HiSat2 version 2.1 to 
the H. Sapiens (GRCh38.92) reference template obtained from Ensembl and quantified with 
featureCounts. A quality check of aligned data was performed with FASTQC and MultiQC. 
Raw count matrices were loaded in R and annotated by converting the ensemble IDs to gene 
symbols using the corresponding gtf file. Only genes with > 1 counts in at least 2 samples 
were included in the analysis.

Subsequently, data were normalized and analysed using the EdgeR package. A likelihood 
ratio test(LRT)-test was used to compare gene expression between the four defined groups 
using only tissue area as a variable (i.e. normal-appearing white and grey matter and 
demyelinated white and grey matter). Subsequently, the DEGpatterns package was used to 
divide the differentially expressed genes into clusters based on gene expression pattern. The 
threshold for each cluster was set at a minimum of 50 genes. Up- or down-regulated genes 
were identified with the criteria of a logFC >(-)2 and a P value of <0.05. Pathway analysis of 
genes represented in the clusters was conducted using the g:Profiler package. 

To determine the cell type specificity of genes, we used CIBERSORTx [27] with single-cell 
data generated from frozen MS (demyelinated) white and grey matter by Schirmer et al 
[22]. Data was downloaded from the Sequence Read Archives from the accession number 
PRJNA544731 (NCBI Bioproject ID: 544731). 

Semi-Quantitative RT-PCR

RNA was isolated similarly to what is previously described as input for RNA-seq. For qPCR, 
RNA concentration and RIN values were determined using the Agilent Bioanalyzer. Per sample, 
3 ng was reverse-transcribed into cDNA using the High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems, Bleiswijk, The Netherlands) with random primers (50 µM, Invitrogen) 
according to the manufacturer’s description. Semi-quantitative RT-PCR was performed in a 
total volume of 10 µl per sample consisting of 3 µl of Power SYBR Green Master Mix (Life 
Technologies, Carlsbad, USA), with 50 µM of each forward and reverse primers (see Supp. 
Table 2), and 6 ng/µl cDNA in a MicroAmp Optical 96-well Reaction Plate (Applied Biosystems, 
Foster city, USA). The RT-PCR reaction was performed using the Quantstudio 3 PCR system 
(Applied Biosystems). The PCR protocol was adapted from the manufacturers description and 
featured 40 cycles with an annealing temperature of 60°C, followed by a melt curve analysis. 
The relative expression level of the target genes was determined by the LinReg PCR software 
(version 2014 4.3 (July 2014); website: http://www.hfrc.nl) using the following calculation 
N0=Nq/ECq (N0=target quantity, Nq=fluorescence threshold value, E=mean PCR efficiency 
per amplicon, Cq=threshold cycle). Housekeeping genes were selected based on expression 
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as observed in the RNA-sequencing results. MRIP and SDHA showed minimal variation 
between samples and between groups and thus the geomean of these two genes was used 
for data normalization (Suppl. Data 1). Data analysis was performed on the normalized N0 
values. Primers used for qPCR can be found in the Supplementary Table 2. 

Image Analysis

Per area (normal appearing white or grey matter and demyelinated white or grey matter) 
two representative images were taken of which cell counts were determined. The mean cell 
count per ROI (0.36 mm2) was determined. CD11c+ cell counts were conducted by setting a 
threshold using the ‘Auto Threshold’ function and subsequently counting the positive cells 
by using the ‘Analyze Particles’ plug-in, setting the size at 10 µm2. Analysis of CD11c+/Iba-
1+ cells was conducted by first selecting Iba-1+ cells using the Auto-threshold function and 
subsequently counting the CD11c+ cells using the Analyze particles plug-in within the selected 
Iba-1+ cells. GFAP and PLSCR4 immunoreactivity were analyzed by first setting a threshold 
using the ‘Auto Threshold’ plug-in and subsequently measuring the % of area stained. 

Tracing and analysis of microglia morphology

Iba-1+ microglia were traced in 3D in 10 µm thick sections using a Leica DMR HC microscope 
coupled with Neurolucida tracing software (MBF bioscience). The ROI was determined by the 
area of demyelinated and normal-appearing matter grey matter in PLP stained sections. These 
ROI’s were put over adjacent Iba-1 stained sections. Within these ROIs (i.e. demyelinated or 
normal-appearing grey matter) 10 microglia with a visible Iba-1+ cell body and hematoxylin 
stained nucleus were randomly selected throughout and traced. Microglia were traced using 
a 63x oil objective. 

Microglia tracings were analyzed using the Neuronal morphology analysis package (NeuroM) 
for Python. Using this toolkit, the total length of all processes per cell and the total amount of 
forking points (i.e. a split in the process) per cell were quantified. 

Statistical analysis

Statistical analysis of all qPCR data was conducted using R using the packages lme to run 
linear mixed models and emmeans for post-hoc analysis. Similarly to the RNA-seq analysis, 
‘tissue area’ (i.en normal appearing or demyelinated white or grey matter) was entered as a 
fixed factor and ‘patient’ as a random variable. To facilitate comparisons to RNA-seq data, we 
report the False Discovery Rate (FDR). Semi-automatic quantification of immunoreactivity 
was analysed using repeated measures ANOVA followed by the Tukey post-hoc test. Analysis 
of microglia morphology data was assessed using linear mixed models with patient as a 
random factor and lesion type area as fixed factors. 

Data availability
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RNA sequencing data presented in this study have been deposited at https://www.ncbi.nlm.
nih.gov/geo/ under the accession number: GSE149326. 

Table 1: Clinical data of patients of tissue used for RNA-seq and immunohistochemistry

# Sex Age PMD Diagnosis
Disease 

duration (yrs) Cause of death Tissue used for 

1 f 57 7:30 SPMS 34 Euthanasia RNA-seq

2** f 47 8:35 SPMS 27 Aspiration Pneumonia RNA-seq, qPCR

3* m 56 9:35 PPMS 32
End stage MS with 

urosepsis RNA-seq

4* f 63 10:50 SPMS 25 Infection RNA-seq

5 f 41 8:25 SPMS 11 Natural Causes RNA-seq, IHC

6* f 57 10:40 SPMS 25 Euthanasia
RNA-seq, IHC, microglia 

tracing

7** f 54 9:25 SPMS 24
Dyspnea followed by 

palliative care
RNA-seq, IHC, qPCR, 

microglia tracing

8 m 53 5:30 PPMS 2 Pneumonia RNA-seq, IHC, qPCR

9 f 66 6:30  SPMS 26 Euthanasia
RNA-seq, IHC, microglia 

tracing

10 f 67 11:25 SPMS 28 Aspiration Pneumonia
RNA-seq, IHC, qPCR, 

microglia tracing

11 f 66 6:00 SPMS 23 Unknown RNA-seq, IHC

12 m 45 7:45 SPMS 20 Cardiac Arrest IHC, qPCR, microglia tracing

13 f 51 9:10 SPMS 17 Euthanasia IHC, microglia tracing

14 f 50 10:15 SPMS 11 Euthanasia IHC

15 m 56 6:15 PPMS 20 Pneumonia IHC, microglia tracing

16 m 56 6:15 PPMS 20 Pneumonia IHC, qPCR, microglia tracing

17 m 48 6:35 SPMS 16 Dehydration IHC, qPCR, microglia tracing

18 f 74 10:40 PPMS 13 Heart failure IHC, microglia tracing

Results

Lesion characterization before laser capture microscopy 

Lesion characterization before LCM was conducted using slides from the snap-frozen tissue 
blocks used for RNA-sequencing. For 7 of the 11 lesions featured in the RNA-seq data we 
also obtained FFPE material from the same lesions. At autopsy the tissue block containing 
the type 1 lesion was divided in half (mirrored blocks), half of the lesion was frozen and the 
other half fixed in formalin and paraffin embedded. When possible, lesion characterization 
was later verified using these FFPE tissue blocks. See table 1 for an overview of the frozen 
and FFPE material used in this study. Leukocortical lesions were defined by a loss of PLP 
immunoreactivity indicating demyelination in grey and white matter (Fig. 1A). Leukocortical 
lesions are typically considered to be a type of grey matter lesion and are therefore not scored 
based on the presence major histocompatibility complex (MHC)-II+ cells, however in order 

PMD = post-mortem delay, IHC= immunohistochemistry, qPCR = quantitative PCR,  * = all 
samples from this patient not included in data analysis after read alignment, ** = WML sample not 
included in RNA-sequencing due to technical problems.
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to facilitate interpretation of the subsequent RNA sequencing results from these lesions, we 
scored the white matter demyelinated area of the leukocortical lesion based on MHC-II+ as is 
the convention for white matter lesions [28, 29]. Based on the presence of (1) MHC-II+ cells 
observed in a rim surrounding the hypocellular white matter demyelinated area (Fig. 1B) and 
in the centre of the lesion (Fig. 1F), the presence of infiltrated CD3+ and CD20+ cells (Fig. 
1 I,J-M,N), we scored the white matter demyelinated areas of the leukocortical lesions as 
chronic active. The grey matter demyelinated area of the leukocortical lesions did not show an 
increase in MHC-II+ cells compared to the surrounding normal appearing matter (Fig. 1B-D). 
Additionally, demyelinated and normal appearing grey matter did not show infiltration of CD3+ 
or CD20+ cells (Fig. 1G-H, K-L). 

Figure 1: Immunohistochemical representation of the pathology of leukocortical lesions. Loss of myelin as 
shown by reduced PLP staining in GM and WM area of the lesion (A). Overview of MHC-II immunoreactivity 
in a leukocortical lesion (B) indicating increased MHC-II+ in the demyelinated WM which is less prominent 
in the demyelinated GM. Magnified overview of MHC-II immunoreactivity in the NAGM, GML, NAWM and 

Boekje_271221.indd   35Boekje_271221.indd   35 4-1-2022   12:22:024-1-2022   12:22:02



36

WML (C-F). Overview of CD3 immunoreactivity in all leukocortical areas (G-J) showing infiltration of CD3 
in demyelinated white matter only. Overview of CD20 immunoreactivity in all leukocortical areas (K-N) 
showing infiltration of CD20 in demyelinated white matter only. Scalebar =500 µm (A, B) or 50µm (C-N). 
WML = white matter lesion, GML = grey matter lesion, NAWM = normal appearing white matter, NAGM = 
normal appearing grey matter.

Quality control of RNA isolated from laser captured micro-dissected tissue 

To verify that LCM dissected tissue from different regions as input for RNA sequencing yielded 
representative data, we used principal component analysis (PCA). We observed that white 
and grey matter samples segregated in the first principal component (PC1) (Fig. 2A). In 
addition, demyelinated white matter and normal-appearing white matter clearly segregated 
in PC2, whereas demyelinated grey matter and normal-appearing grey matter did not clearly 
segregate (Fig. 2A). This shows that gene expression differences were most pronounced 
between white and grey matter areas, and white matter lesion and normal appearing white 
matter than between grey matter lesion and normal appearing grey matter. We identified 
2352 genes which were differentially expressed (FDR < 0.05) between the 4 areas of the 
leukocortical lesions. A heatmap of the top 50 genes with the lowest FDR (Fig. 2B) showed 
that the 4 areas (demyelinated and normal appearing white and grey matter) differentiated 
mostly in their expression of myelin (e.g. PLP1, MAG) and oligodendrocyte related genes (e.g. 
OPALIN, CNP) which were highest expressed in the normal-appearing white matter followed 
by the normal-appearing grey matter and as expected showed low expression in demyelinated 
white and grey matter. We also observed a clear separation in the expression of neuronal 
related genes (e.g. NEFL, NEFH, GABRG2, and see Fig. 2B) which was higher in grey matter 
areas than white matter areas. Other genes differentiating (demyelinating) white and grey 
matter relate to astrocytic (CD44) microglial/macrophage (i.e. CHI3L2, CHI3L1) and immune 
responses (IGKC, SOCS3). An overview of all genes found to be differentially expressed 
between the 4 areas can be found in the Supplementary data 2. We performed qPCR to 
validate RNAseq data of common markers differentiating white and grey matter (RBFOX3), 
demyelinated from normal-appearing (PLP1) and immune activation markers (HLA-DRA 
and GFAP) using RNA from a repeated experiment plus two additional RNA samples (Fig 2. 
C-D). This data showed that also using qPCR we observed significantly lower mRNA levels 
of PLP1 (F(3,15)=14.98; p<0.01, Fig. 2D) indicating demyelination in samples dissected 
from demyelinated white matter compared to normal appearing white matter. This was also 
observed for demyelinated grey matter (GML) compared to normal appearing grey matter 
but the effect was not strongly significant (p=0.077). In addition we confirm that RBFOX3 
mRNA is significantly lower in white matter areas compared to normal appearing grey matter 
(F(3, 14.15)= 50.8; NAGM vs. NAWM, p<0.00001). Interestingly, RBFOX3 was also lower in 
demyelinated compared to normal appearing white matter (NAWM vs. WML, p<0.01; Fig. 2D). 
Though we observed no significant differences in mRNA levels of HLA-DR in demyelinated 
compared to normal appearing areas, we did find lower mRNA levels in demyelinated grey 
matter than in demyelinated white matter (F(3,15)=4.45; GML vs. WML, p<0.05; Fig. 2D). 
Lastly, GFAP mRNA levels were higher in demyelinated white matter than normal appearing 
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white matter (NAWM vs. WML, p<0.001; Fig. 2D) and GFAP mRNA levels were higher in 
demyelinated white matter compared to both grey matter areas (F(3,15) = 34.04; NAGM/GML 
vs. WML p<0.0001; Fig. 2D). Taken together, our data indicate that (1) we were able to reliably 
dissect areas representing normal-appearing and demyelinated white and grey matter from 
cresyl violet stained leukocortical lesions and (2) our RNA-seq data were confirmed by qPCR 
analysis based on relevant parameters checked. 

Figure 2: Overall differences in gene expression between normal appearing and demyelinated white 
and grey matter. PCA plot of all samples included in RNA-sequencing showing separation of WM and 
GM derived samples as well as WML and NAWM derived samples whereas separation of GML from 
NAGM samples is less clear (A). Heatmap (log CPMs) of the top 50 genes differentiating between WML, 
GML, NAWM and NAGM samples according to the LRT-test (B). Graphs of RNA-seq results indicating 
common genes encoding for proteins used to stage MS lesions (PLP1, HLA-DRA, GFAP) and RBFOX3 
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representative of the presence of neurons in GM areas and less in WM areas (C). qPCR validation of 
RNA-seq results. N= 8 for NAGM, NAWM and GML samples, N=6 for WML samples. * = p<0.05. ** = 
p<0.01, ***= p<0.001, **** p<0.0001 as shown by linear mixed models. WML = white matter lesion, GML 
= grey matter lesion, NAWM = normal appearing white matter, NAGM = normal appearing grey matter.

Demyelinated white and grey matter of leukocortical multiple sclerosis lesions have 
distinct gene expression profiles and cellular composition

In order to gain more insight into the differentially expressed genes between the four brain areas 
we clustered the differentially expressed genes based on their expression pattern. This yielded 
7 clusters of gene expression (Fig 3A). Cluster 1 showed genes with increased expression 
in demyelinated compared to normal appearing grey matter and decreased expression in 
demyelinated compared to normal appearing white matter (Fig. 3A). Subsequent pathway 
analysis indicated that these genes are part of immune related pathways such as ‘myeloid 
leukocyte activation’ and ‘cell activation involved in immune response’. Genes representative 
for this clusters include ITGAX and SALL1 known to be expressed by microglia (Fig. 3A).[30, 
31] Cluster 2 and cluster 3 consisted of genes that were higher expressed in grey matter areas 
compared to white matter areas. These genes represent neuron (synapse) related genes such 
as SCN1A [32] and NRXN1 [33] or cluster 2 and OLFM1 and SHANK1 [34, 35] for cluster 3 (Fig. 
3A). These genes are represented in pathways such as ‘signalling’ (cluster 2 and 3), ‘signal 
release from synapse’ (cluster 2) and ‘dendrite morphogenesis’ (cluster 3, Fig. 3B). Cluster 
4 and cluster 7 represent myelin and oligodendrocyte related genes, respectively (PLP1, 
OPALIN, SOX10 and MBP, Fig 3A). Pathway analysis showed enrichment for processes as 
‘myelination’ (cluster 4 and 7), and ‘axon ensheathment’ (cluster 7, Fig. 3B). Cluster 5 consists 
of genes primarily higher expressed in demyelinated white matter but which also showed 
some elevated expression in demyelinated grey matter such as JUN and PLSCR4 known 
to be expressed by astrocytes (Fig. 3A) [21]. Pathway analysis of these genes indicated a 
role for these genes in ‘immune system process’, similarly to cluster 1 but also related to 
‘biological adhesion’ and ‘extracellular matrix organization’. Cluster 6 was characterized by 
genes higher expressed in demyelinated white matter but lower in demyelinated grey matter 
and features genes such as STAT3 and C1QB (Fig. 3A). Pathway analysis of these genes 
yielded significant enrichment of only one pathway: ‘positive regulation of biological process’ 
(Fig. 3B). Other genes representative for each cluster and the pathways representative for 
each cluster can be found in the Supplementary data 3. 
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Figure 3: Overview of the differences in gene expression in the four areas of a leukocortical lesion (NAGM, 
GML, NAWM and WML). Cluster analysis of differential gene expression changes between leukocortical 
areas yields 7 clusters of gene expression patterns (A). Pathway analysis of the 7 gene expression 
pattern clusters (B). geneset size = number of genes represented in the pathway. Proportion of genes 
related to different cell types as deconvoluted by CIBERSORTx (C). WML = white matter lesion, GML 
= grey matter lesion, NAWM = normal appearing white matter, NAGM = normal appearing grey matter.
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Our results indicate that (demyelinated) white and grey matter have distinct gene expression 
profiles which may be partly due to different cellular composition. To assess the cellular 
composition of the four areas represented in this study, we utilized CIBERSORTx [27] to 
deconvolute our bulk RNA-seq with single-cell RNA sequencing data derived from MS white 
and grey matter as reported by Schirmer et al. [22]. Deconvoluted data from CIBERSORTx 
confirms the loss of oligodendrocytes in demyelinated white and grey matter (Fig. 4A). 
Of note is that the Schirmer et al. [22] dataset features a relatively low number of OPC 
nuclei and thus there is likely an underestimation of the regulated OPC related genes in 
our CIBERSORTx data. Compared to the normal appearing white matter, demyelinated 
white matter showed an increase in astrocyte and vasculature related genes. This was not 
clearly observed in demyelinated grey matter compared to normal appearing grey matter. 
An increase in vasculature related genes is likely explained by an altered blood-brain barrier 
function in demyelinated white matter where infiltration of leukocytes is present. In line with 
this, we observed regulation of genes such as ICAM2, CLDN5, JAM2 and CDH5, all involved 
in the regulation of the blood-brain barrier [36-38]. In addition, demyelinated white matter 
showed a surprising increase in excitatory neuron related genes which was not found in 
demyelinated grey matter (Fig. 3C). We observed a small increase in immune related genes 
in both demyelinated white and grey matter compared to normal appearing matter (Fig. 3C). 
Strikingly, grey matter areas feature considerable gene expression for genes classified as 
‘unknown’ (Fig. 3C), highlighting the presence of genes in the (demyelinated) grey matter of 
which the function or cell type still needs to be elucidated. 

Microglia in demyelinated grey matter of leukocortical lesions upregulate CD11c and 
may be neuroprotective

To determine the validity of our RNA-seq data, we performed qPCR and immunohistochemistry 
for ITGAX, a representative gene of cluster 1. ITGAX mRNA levels were indeed higher in 
demyelinated grey matter (F(3,14.01)=24.47; NAGM vs. GML, p<0.05; Fig. 4A) and in the 
demyelinated white matter compared to normal appearing matter (NAWM vs. WML, p<0.05; 
Fig. 4A). Semi-automatic quantification of CD11c and Iba-1 immunoreactivity showed that 
the number of CD11c+ cells increased in demyelinated compared to normal appearing grey 
matter (F(1.86, 18.63) = 5.23, p<0.05), but not in demyelinated compared to normal appearing 
white matter (Fig. 4B). Yet, the number of CD11c+/Iba-1+ cells increased significantly in the 
demyelinated white matter compared to normal appearing white matter only (F(1.48, 7.38) = 
17.04; p<0.001, Fig. 4B) but just a tendency to increased CD11c+/Iba-1+ cells in demyelinated 
grey matter compared to normal appearing grey matter was observed. Representative images 
of CD11c immunoreactivity are presented in Fig 4C-F and Suppl. Fig. 1. As it has been reported 
that CD11c gene expression may be increased during demyelination and remyelination 
[19] we assessed whether CD11c+ cells have phagocytic properties. Indeed we found that 
both amoeboid- (as observed in demyelinated white matter) and ramified-shaped CD11c+ 
microglia (as observed in demyelinated grey matter) can also express the lysosomal marker 
CD68, indicating lysosomal activity. We observed that microglia in demyelinated grey matter, 
even though they did not feature an amoeboid morphology, like microglia in demyelinated 
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white matter, did show decreased morphological complexity compared to microglia in the 
normal appearing grey matter as indicated by lower total length of the microglial processes 
(t(217)=2.332; p<0.05; Fig. 4I) and less forking points (t(217)=2.214; p<0.05; Fig. 4J). 

Figure 4: Microglia in demyelinated grey matter (GML) of leukocortical lesions upregulate ITGAX and are 
potentially neuroprotective. qPCR validation of RNA-seq results showing increase mRNA levels of ITGAX 
in GML vs. NAGM and WML vs. NAWM (A). Semi-automatic quantification of immunohistochemistry for 
CD11c (ITGAX) indicated increased count of CD11c+ cells in GMLs compared to NAGM but not WML 
compared to NAWM (B, left side). The number of Iba-1+/CD11c+ cells increased significantly in WMLs vs. 
NAWM but not in GML vs. NAGM (B, right side). * = p <0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, 
ns= non-significant as shown by linear mixed models. ROI for quantification: 0.36 mm2. N=6 for qPCR, N= 
11 for quantification of CD11c counts, N= 6 to assess co-localization of CD11c and Iba-1. Representative 
images of immunohistochemical stainings of CD11c (ITGAX) and IBA-1 showing co-localization (C-F). 
Co-localization of CD11c and CD68 indicating phagocytic activity in both amoeboid (G) and ramified (H) 
CD11c+ microglia. Microglia in GMLs of leukocortical lesions show decreased complexity as indicated by 
lower total length of the processes (I) and less forking points J). * = p <0.05 as shown by mixed models. 
Scalebar = 50 µm. N= 109 per lesion area with individually traced microglia. WML = white matter lesion, 
GML = grey matter lesion, NAWM = normal appearing white matter, NAGM = normal appearing grey 
matter.

Demyelinated white matter is associated with astrocytic and neuronal changes
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In the demyelinated white matter, we observed changes related to the astrocytic response and 
neurite damage. Gene expression of PLSCR4 showed clear regulation in the demyelinated 
white matter, but not in the demyelinated grey matter. Indeed, mRNA levels of PLSCR4, a 
representative gene of cluster 5, was found to be higher expressed in the demyelinated white 
matter as supported by qPCR (NAWM vs. WML, p<0.001, NAGM/GML vs. WML, p<0.001; Fig. 
5A). Semi-automatic quantification of the % surface of immunoreacivity of PLSCR4, showed 
that increased PLSCR4 immunoreactivity (F(1.1, 9.87)=10.46) was significant in demyelinated 
white matter compared to normal appearing grey matter (p<0.05) and demyelinated white 
matter compared to demyelinated grey matter (p<0.05, Fig 5B). GFAP showed increased 
immunoreactivity (F(3,17) = 5.61) in demyelinated white matter compared to normal appearing 
(p<0.05) and demyelinated grey mater (p<0.05) but not normal appearing white matter 
(p=0.16, Fig 5C). PLSCR4 co-localized with GFAP (Fig. 5D-G) and is thus likely expressed 
by astrocytes. In addition, we observed a clear increase in PLSCR4 immunoreactivity in the 
demyelinated white matter compared to normal appearing white matter (Fig. 5F,G) and no 
difference in immunoreactivity between demyelinated and normal appearing grey matter (Fig. 
5D,E, Suppl. Figure 2). 

Figure 5: Astrocytes in demyelinated white matter (WML) of leukocortical lesions selectively upregulate 
PLSCR4. qPCR validation of RNA-seq results showed increased mRNA levels of PLSCR4 in WML 
vs. GML and WML vs. NAWM (A). Semi-automatic quantification of immunohistochemical PLSCR4 
indicated increased stained surface area for PLSCR4 in WML compared to GML and NAGM (B) this 
increase was more prominent than that of GFAP stained surface area (C). Representative images of 
immunohistochemical double-labeling of PLSCR4 and GFAP confirmed co-localization, particular in white 
matter(D-G). Scalebar = 50 µm. * = p <0.05, ** = p<0.01, *** = p<0.001, **** = p<0.0001, ns= non-
significant as shown by linear mixed models. N= 6 for qPCR, N=10 for % surface PLSCR and GFAP. 
WML = white matter lesion, GML = grey matter lesion, NAWM = normal appearing white matter, NAGM = 
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normal appearing grey matter.

In addition, we observed indications of neurite damage in demyelinated white matter. EAAT2 
(gene name SLC1A2) and VGLUT1 (gene name SLC17A7), both representative neuron/
synapse-related genes in cluster 2 (Fig 3A), showed higher gene expression in demyelinated 
white but not grey matter (Fig 6A-B). Immunoreactivity for EAAT2 indicated some cytoplasmic 
neuronal staining in demyelinated and normal appearing grey matter (Fig 6C-D). A more 
dot-like EAAT2 immunoreactivity was observed in the normal appearing white matter (Fig 
6E) whereas in the demyelinated white matter, morphological EAAT2 positive dystrophic 
neurites were more apparent (Fig 6F) as was shown before.[39] VGLUT1 immunoreactivity 
was (similarly to gene expression levels) high in grey matter areas, showing no difference 
between demyelinated and normal appearing grey matter (Fig 6 G-H). In white matter areas, 
similarly to EAAT2 immunoreactivity, a dot-like staining is observed. The amount and area of 
(synaptic) immunoreactive dots is increased in the demyelinated white matter, corresponding 
to gene expression data (Fig 6I-J), possibly indicating increased glial/neuronal contacts.[40] 
Taken together, these results suggest neurite damage present in demyelinated white but not 
in demyelinated grey matter. 

Figure 6: Increased EAAT2 and VGLUT1 immunoreactivity in demyelinated white matter. Gene 
expression levels of SLC1A2 (EAAT2, A) and SLC17A7 (VGLUT1) as found by RNA-sequencing (A,B). 
Representative images for EAAT2 immunoreactivity in leukocortical lesions and normal appearing 
matter (C-F). Right facing arrowheads indicate neuronal staining (C-D), left facing arrowheads indicate 
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dystrophic neurites (F). Representative images for VGLUT1 immunoreactivity in leukocortical lesions and 
normal appearing matter (G-J). Right facing arrowheads indicate dot-like synaptic staining in the white 
matter (I-J). Scalebar = 50 µm. N= 8 for NAGM, NAWM and GML samples, N=6 for WML samples. WML 
= white matter lesion, GML = grey matter lesion, NAWM = normal appearing white matter, NAGM = normal 
appearing grey matter.

Discussion

In the recent years, there has been a variety of studies published reporting gene expression 
of (laser-captured) demyelinated and normal appearing human white matter (for a review 
see Jäkel et al. [18]) gaining insight into MS lesion formation in the white matter. However, 
it has long been known from histopathological studies that demyelinated grey matter does 
not feature many pathological events present in the demyelinated white matter such as 
infiltration of leukocytes or glial activation [2, 3, 41]. To gain more insights in the pathology 
of demyelinated white and grey matter, we present gene expression of demyelinated and 
normal appearing white and grey matter areas of leukocortical MS lesions micro-dissected 
from post-mortem human brains. A strength of this study is that the experimental set up, 
allowed for a direct comparison of gene expression within and between tissue taken from 
different patients. Generating this data was only possibly by adopting a strategy where we 
utilized laser capture microscopy to micro-dissect histologically confirmed (demyelinated) 
white and grey matter areas. As the microdissection procedure could affect the quality of 
the RNA used for sequencing, affecting the results, we repeated the experiment (including 
the addition of other patient material) by qPCR analysis as an external validation of the data. 
Moreover, immunohistochemical analysis was performed on FFPE mirror blocks as well as 
tissue from additional patients to validate certain gene data from our RNA-seq analysis at the 
protein level.

From this data, we find that as expected, both chronic-active demyelinated white and grey 
matter are defined by loss of myelin and have decreased expression of oligodendrocyte 
related genes compared to normal appearing white and grey matter. We observed that 
differentially expressed genes between normal appearing and demyelinated white and grey 
matter could be clustered into 7 clusters of gene expression patterns represented by different 
biological processes as shown by subsequent pathway analysis. In addition, assessment of 
the cellular composition of demyelinated and normal appearing white and grey matter using 
CIBERSORT analysis indicated differential cellular compositions between demyelinated white 
and grey matter areas. Taken together, these data suggest that the pathological processes 
underlying white and grey matter lesions pathology are different. 

Analysis of the cluster of genes highest expressed in demyelinated grey matter indicated 
increased gene expression of genes involved in immune response and cellular activation. 
As previously mentioned, data from pathological studies have shown that a distinct pro-
inflammatory response as visible in the demyelinated white matter is not present in the 
demyelinated grey matter. Yet, genes representative for cluster 1 include ITGAX (also known 
as CD11c), shown by us and others to be expressed in the brain [30]. ITGAX has been 
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shown to be upregulated in the white matter during de- but also remyelination [19] and 
has been associated with phagocytic disease-associated microglia (DAM) observed in e.g. 
Alzheimer’s disease [42]. Another gene representative for cluster 1 is increased expression of 
SALL1, a transcriptional regulator of microglia identity [31]. Interestingly, downregulation, not 
upregulation of SALL1 has been shown to lead to a pro-inflammatory microglial signature [31]. 
Thus indicating that in the absence of infiltrated leukocytes (as is the case in the demyelinated 
grey matter), microglia in the demyelinated grey matter show a different inflammatory 
phenotype than in demyelinated white matter. Possibly, the increase in CD11c and CD68 
in the demyelinated grey matter could indicate increased phagocytic activity and clearing of 
debris in this lesions, which could pave the way to more efficient remyelination and decreased 
inflammation which could save neurons from degeneration [43].

Studying microglia morphology in normal-appearing and demyelinated grey matter, we 
observed that microglia had a more reactive phenotype, as indicated by less length and 
complexity of their ramifications in demyelinated compared to control grey matter. This is in 
contrast to what is previously reported in the cortex of MS patients with meningeal inflammation, 
where a microglia phenotype with increased complexity is observed [15]. This could indicate 
that depending on the pathology present (i.e. presence or absence of meningeal inflammation) 
or the type of lesion studied i.e. subpial lesions (van Olst et al.[15]) or leukocortical lesions 
(this study), the microglial phenotype can be different. It would be of interest for future work to 
compare the microglial response in grey matter lesion subtypes. 

We also observed two clusters of genes which were higher expressed in the demyelinated white 
matter and lower expressed or no change in expression compared to normal appearing matter 
and the demyelinated grey matter (cluster 2 and cluster 6). Cluster 2 is characterized by neuronal 
related genes. Similar to gene expression results, overall, we observed very little differences 
in EAAT2 or VGLUT1 immunoreactivity in demyelinated compared to normal appearing 
grey matter indicating that neurite damage in these areas may be less prominent. This is in 
agreement with data by Dutta et al. [44] who also reported lack of changes in synaptic related 
genes in cortical areas of MS patients. Though we did not quantify the immunohistochemical 
signal, we observed increased expression at the protein level for EAAT2 (encoded by the 
gene SCL1A7) and VGLUT1 (SCL17A7) in the demyelinated white matter. Expression of 
EAAT2 in neurons/neurites has been shown before and could possibly be indicative of a 
specific subtype of EAAT2 which is expressed by neurons instead of astrocytes [45, 46]. 
The morphology of EAAT2+ structures in the demyelinated white matter are representative for 
dystrophic neurites indicating neurite damage [39]. In addition, increased density of VGLUT1+ 
structures likely indicate increased glial/axonal contact, possibly to support axonal function or 
in an effort to modulate glutamate excitotoxicity [47, 48]. Thus the altered immunoreactivity 
of VGLUT1/EAAT2 in the demyelinated white matter could indicate neurite transection and 
could explain the increase in excitatory (glutaminergic) neuronal related genes visible in the 
CIBERSORTx analysis which is not prominent in the demyelinated grey matter. Of possible 
interest is that the different microglial inflammatory phenotype observed in the demyelinated 
grey matter may prevent local neurite damage. In support of this option, we found that C1QB, 
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related to neuronal damage, is expressed lower in demyelinated grey matter than in the 
normal-appearing grey matter, possibly indicating some protective effect. In contrast, we 
observed increased gene expression of C1QB, which is related to lower VGLUT1 expression 
[49] and neuronal/neurite damage in the demyelinated white matter only. Interestingly, in a 
recent study using single-cell sequencing of MS white matter lesion material, C1QB has been 
identified as a marker for ‘microglia inflamed in MS’(MIMS) [50]. The increased expression 
of C1QB in demyelinated white matter and lowered expression in demyelinated grey matter 
observed in this study may imply that the classical inflamed microglial signature may not be 
present in the demyelinated grey matter.

Cluster 6, defined by genes higher expressed in the demyelinated white matter and lower 
expressed in the demyelinated grey matter also includes the transcriptional activator STAT3. 
Expression of STAT3 is shown to be upregulated in infiltrated myeloid cells near the active 
demyelinating white matter [51]. Decreased expression of STAT3 by infiltrated myeloid cells 
impaired antigen presentation to CD4+ T-cells, thereby hindering differentiation of CD4+ T-cells 
to T-helper cells [51]. Thus, increased expression of STAT3 in demyelinated white matter 
could be indicative of a role for infiltrated myeloid cells, which are absent in the demyelinated 
grey matter which indeed shows lower expression of STAT3. Genes represented in another 
cluster of genes higher expressed in the demyelinated white matter (cluster 5), PLSCR4 and 
JUN also implicate astrocyte–CD4+ T-cells interaction in demyelinated white matter only. 
We observed that PLSCR4 a phospholipid scramblase [52], expressed by astrocytes, is 
selectively upregulated in the demyelinated white matter at both the gene and protein level. 
PLSCR4 is known to interact with CD4+ T-cells [52] In addition, increased gene expression 
of JUN, which has been described to be expressed by a cluster of astrocytes propagating 
disease which is driven by MAFG which in turn is induced by GM-CSF released by T-cells 
also suggest astrocyte T-cell interactions in the demyelinated white matter only [21]. It is 
postulated that the astrocytic reactivity as defined by a hypertrophic morphology could be 
driven by the interaction of astrocytes with T-cells as it has been shown that astrocytes extend 
their processes towards T-cells in vitro [53]. This increase in astrocyte reactivity could lead to 
increased extracellular matrix deposition [11], as is indicated by the pathway analysis which 
could modify the lesion environment and hindering remyelination [54].

Taken together, our study highlights distinct gene expression profiles of demyelinated white 
and grey matter areas in MS, within the same leukocortical lesion. The here observed 
limited overlap in gene expression between demyelinated white and grey matter can have 
potential consequences for the understanding of local ongoing pathological processes and 
identifying subsequent targets for development of treatment for multiple sclerosis. Currently, 
treatment development and efficacy is mostly based on inflammatory demyelinated white 
matter lesions, as these are readily visible on conventional MRI, whereas demyelinated 
grey matter is not. Though we find evidence for inflammatory activity in both demyelinated 
white and grey matter, the inflammatory profile in these two lesion types is very different. 
Microglia in the demyelinated grey matter may adopt a more anti-inflammatory signature 
after demyelination in the absence of infiltrated leukocytes, whereas in the demyelinated 
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white matter, inflammation may be propagated by astrocyte T-cell interactions [21] notably 
absent in the demyelinated grey matter. In addition, in more inflammatory demyelinated white 
matter, we observed clear neurite damage, which we did not observe in the neighbouring grey 
matter. This could implicate that neurite damage (as observed by i.e. increased EAAT2) and 
subsequent alterations in excitatory synapses is mediated by inflammation through activated 
microglia as proposed before [55] and therefore not present in the demyelinated grey matter 
samples used for this study which featured possibly a different type of inflammatory microglia. 
Though our data indicate neuro-protective events present in demyelinated grey matter of 
leukocortical lesions, grey matter demyelination or neuronal degradation may ultimately be 
responsible for the silent disease progression observed in long-term MS patients [56, 57]. 
Moreover, MS patients that present with a cortical first phenotype (meaning they present early 
on with cortical atrophy) are less likely to respond to treatment [57], possibly as grey matter 
pathology is less associated with overt classical inflammation. Further study of pathological 
and cellular events in the (demyelinated) grey matter could provide more insights in MS disease 
pathology. For example, in this study we focussed on demyelinated grey matter of leukocortical 
areas whereas much of the current literature focusses more on subpial demyelination (with 
or without meningeal inflammation). More research is needed into comparing pathological 
events in different grey matter lesions as these may have different origins [17]. In this respect, 
we propose that targeting white or grey matter specific MS pathology associated genes could 
possibly be more beneficial for treatment of progressive multiple sclerosis, when grey matter 
demyelination becomes more prominent.

Supplementary data

Supplementary Table 1: Primary antibodies used for immunohistochemistry

Primary 
antibody

Target Ab Dilution Antigen Retrieval Source (article number)

Rabbit anti 
CD11c 

Cluster of 
differentiation 11c

1:250 Tris/EDTA pH 9 Abcam, U.K. (ab52632)

Mouse anti 
MHC-II 
(HLA-DR)

Major 
histocompatibility 
complex II

1:1000 Tris/EDTA pH 9 Clone LN3, Pierce, 
ThermoFisher (MA5-11966)

Mouse anti 
PLP

Proteolipid protein 1:250 Tris/EDTA pH 9 Serotec (MCA839G)

Goat anti 
IBA1

Ionized calcium-
binding adapter 
molecule 1

1:500 Tris/EDTA pH 9 Abcam, U.K. (ab5076)

Mouse anti 
GFAP

Glial fibrillary acidic 
protein

1:1000 Tris/EDTA pH 9 Sigma (G3893)

Rabbit anti 
PLSCR4

Phospholipid 
scramblase 4

1:1000 Citrate pH 6 ThermoScientific (PA5-
51697)

Rabbit anti 
CD3

Cluster of 
differentiation 3

1:200 Citrate pH 6 DAKO (A0452)
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Mouse anti 
CD20cy

Cluster of 
differentiation 20

1:200 Tris/EDTA pH 9 DAKO (M0755)

Mouse anti 
CD68

Cluster of 
differentiation 68 

1:500 Tris/EDTA pH 9 DAKO (M0814)

Mouse x 
EAAT2 

Excitatory amino-acid 
transporter 2 

1:100 Citrate pH 6 Abcam (ab77039)

Guinea pig 
x VGLUT1

Vesicular glutamate 
transporter 1

1:2000 Tris/EDTA pH 9 Synaptic systems (135304)

Supplementary Table 2: Primers used for qPCR

Gene name Forward primer (5’- 3’) Reverse primer (3’- 5 ‘)

RBFOX3 CAGCGACAGTTACGGCAGA GAGAAGGAAACGGTGGAAGGT

HLA-DRA AGCTGTGGACAAAGCCAACCTG CTCTCAGTTCCACAGGGCTGTT

GFAP GCAGATTCGAGAAACCAGCC GCTCCTGCTTGGACTCCTTA

PLP1 GCAAGACCTCTGCCAGTATAGG GGACAGAAGGTTGGAGCCACAA

ITGAX GATGCTCAGAGATACTTCACGGC CCACACCATCACTTCTGCGTTC

AIF1 CCCTCCAAACTGGAAGGCTTCA CTTTAGCTCTAGGTGAGTCTTGG

PLSCR4 CCTTCAGATGCACCTGCTGTTG CCGCAACAAAGCCAATGGTGAC

MRIP* CGGGTAAAGGAATCGGAAATAC GTACTTCTTGTCCCGCAGTG

SDHA* CCAGGGAAGACTACAAGGTGCGGA AGGGTGTGCTTCCTCCAGTGCT

Supplementary figure 1: Representative images of extracted signals from the Nuance Spectral 

Ab=antibody 

* = used as housekeeping gene
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imaging system for CD11c (A-D), Iba-1 (E-H) and the original brightfield double-labeled images showing 
the combined signals (I-L). Scalebar = 50 µm. NAGM = normal appearing grey matter, GML = grey 
matter lesion, NAWM = normal appearing white matter, WML = white matter lesion. 

Supplementary figure 2: Representative images of extracted signals from the Nuance Spectral 
imaging system for PLSCR4 (A-D), GFAP (E-H) and the original brightfield double-labeled images 
showing the combined signals (I-L). Scalebar = 50 µm. NAGM = normal appearing grey matter, GML = 
grey matter lesion, NAWM = normal appearing white matter, WML = white matter lesion.

Supplementary data 1-3 may be found online as these files are too large to feature in this theses
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Abstract

The advent of RNA-sequencing techniques has made it possible to generate large, unbiased 
gene expression datasets of tissues and cell types. Several studies describing gene expression 
data of microglia from Alzheimer’s disease or multiple sclerosis have been published, aiming 
to generate more insight into the role of microglia in these neurological diseases. Though the 
raw sequencing data are often deposited in open access databases, the most accessible 
source of data for scientists is what is reported in published manuscripts. We observed a 
relatively limited overlap in reported differentially expressed genes between various microglia 
RNA-sequencing studies from multiple sclerosis or Alzheimer’s diseases. It was clear that 
differences in experimental set up influenced the number of overlapping reported genes. 
However, even when the experimental set up was very similar, we observed that overlap in 
reported genes could be low. We identified that papers reporting large numbers of differentially 
expressed microglial genes generally showed higher overlap with other papers. In addition, 
though the pathology present within the tissue used for sequencing can greatly influence 
microglia gene expression, often the pathology present in samples used for sequencing was 
underreported, leaving it difficult to assess the data. Whereas reanalyzing every raw dataset 
could reduce the variation that contributes to the observed limited overlap in reported genes, 
this is not feasible for labs without (access to) bioinformatic expertise. In this study we thus 
provide an overview of data present in manuscripts and their supplementary files and how 
these data can be interpreted. 

Introduction

With RNA-sequencing (RNA-seq), gene expression of cells and tissues can be profiled [1]. In 
the field of neurobiology, RNA-seq has contributed to the identification of genes specific for 
various subsets of glial cells [2] and genes discriminating e.g. microglia from brain infiltrating 
macrophages [3-5] Furthermore, RNA-seq of cell populations offers the possibility to identify 
new molecular targets relevant for disease pathology or drug development. There is ample 
(genetic) evidence that microglia contribute to various neurological disorders, among which 
Alzheimer’s disease (AD) and multiple sclerosis (MS) [6, 7]. RNA-seq of microglia from these 
diseased conditions has identified genes involved in their pathophysiology, and the potential 
development of treatment for these neurological disorders. Yet, gene expression profiling of 
large amounts of (individual) cells leads to enormous datasets which can be challenging to 
untangle and interpret by inexperienced users [8]. RNA-seq data are often available on open 
access platforms such as NCBI GEO and ArrayExpress, but they are not always directly 
accessible for use, first requiring bioinformatic processing and analyses. The most accessible 
source of data from RNA-seq studies is what is reported in published manuscripts and their 
supplementary materials. Thus, we set out to compare the reported differentially expressed 
(DE) microglia genes of interest for MS or for AD mouse models and human tissue compared 
to control tissue in addition to creating an overview of the experimental set up, techniques 
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used and brain tissue used in these various studies. Using these data, the aim is to gain more 
insight into which genes are reported within current microglia RNA-seq manuscripts, (dis)
similarities between reported genes in these manuscripts and how use by other researchers 
could be facilitated. 

Methods

A literature search was performed using common platforms such as PubMed, Google Scholar 
and ScienceDirect using MESH TERMS tool for entries containing the following terms: “RNA”, 
“RNA-sequencing”, “MS”, “Multiple Sclerosis”, “AD”, “Alzheimer’s disease” and “microglia”. 
Papers were filtered by year of publication, and papers published between 2015-2021 were 
included for analysis. Only papers reporting gene expression data from AD or MS mouse 
models compared to control mice, and from AD or MS human tissue compared to control 
tissue were included (see Tables 1 -2). 

Of note, in this manuscript the term ‘RNA-seq’ refers to both bulk and single cell RNA-seq of 
microglia subjected to differential gene expression analysis.

Construction of a core gene set from mouse model and human tissue microglia RNA-
seq papers

Per paper (for AD or MS studies) a list of reported genes was derived from the main body 
of the paper or from the supplementary files. A subsequent ‘core gene set’ was compiled of 
genes present in at least two gene lists of the same disease. This core gene set was then 
compared to the each gene list prepared per paper using the function COUNT.IF in Microsoft 
Excel to determine gene overlap and is represented in a binary matrix indicating the presence 
(1) or the absence of each gene (0) reported per paper (Suppl. Tables 1-4). 

Commonality assessment 

From these binary matrices, Jaccard indices were calculated using the jaccard score function 
from the sklearn_metrics package for Python (Python Software Foundation, https://www.
python.org/). The Jaccard index is a measure optimized to compare the overlap between 
two binary lists [9] and is calculated by the number of overlapping microglia genes present 
in two gene lists (i.e. from two papers) which are mentioned in the core gene set, divided by 
the total number of genes present in the two combined gene lists. It gives an indication of the 
similarity between binary lists where 1 indicates a complete overlap between the gene lists 
and 0 indicates a complete lack of overlap between the gene lists. As the Jaccard index takes 
into account the length of the gene lists, comparison of papers with a considerable difference 
in number of reported genes may result in relatively low Jaccard indices. For example, gene 
list A of 100 genes present in the core gene set may show complete overlap with gene list B 
which features 1000 genes in the core gene set, yet the Jaccard index will be relatively low 
as the 100 shared genes are divided by the total amount of genes which in this case is 1100 
genes, leading to a jaccard index of 100/1100 = 0.09. The Jaccard index thus also takes 
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into account the 900 genes reported in gene list B which were not reported in gene list A. A 
heatmap of the Jaccard indices was created in R [10] using the heatmap.2 function from the 
gplots package [11]. 

Comparison of mouse model data to human data

In order to compare mouse and human gene expression data, a core gene set of human tissue 
related genes was constructed as described above (see Suppl. Table 3-4). Subsequently, we 
used the COUNT.IF function in Microsoft Excel to identify the presence or absence of a gene 
in the human core gene set in each mouse model paper. Homology between human and 
rodent genes was not assessed. Heatmaps of human genes reported in mouse model papers 
were created in R [10] using the heatmap.2 function from the gplots package [11]. 

Pathway analysis of reported genes

Gene lists of reported genes derived from each paper were used for pathway analysis using 
the g:Profiler website [12]. Commonality of the top 15 enriched GO biological pathways (GO 
BP) was assessed by using the COUNT.IF function in Microsoft Excel (Suppl. Tables 1-4). 

Results

The included papers reported on RNA-seq data of microglia from control CNS compared to 
diseased CNS in the main body of the text or in the supplementary data. Of these, nine papers 
presented data obtained from mouse models of AD (Friedman et al., 2018 [13]; Frigerio et al., 
2019 [14]; Holtman et al., 2015 [15]; Keren-Shaul et al., 2017 [16]; Krasemann et al., 2017 
[17]; Mathys et al., 2017 [18]; Sobue et al., 2021 [19]; Srinivasan et al., 2016 [20]; Zhou et 
al., 2020 [21]) and four papers presented data on mouse models of MS (Hammond et al., 
2019 [2]; Jordão et al., 2019 [22]; Krasemann et al., 2017 [17]; Mendiola et al., 2020 [23]). in 
addition, five papers reported on microglia RNA-seq data from human AD tissue compared 
to control tissue (Gerrits et al., 2021 [24]; Grubman et al., 2019 [25]; Mathys et al., 2019 [26]; 
Srinivasan et al., 2020 [27]; Zhou et al., 2020 [21]) and three papers presented RNA-seq data 
from human MS tissue compared to control tissue (Jäkel et al., 2019 [28]; Schirmer et al., 2019 
[29]; van der Poel et al., 2019 [30]). An overview of the selected papers and used experimental 
procedures therein can be found in Tables 1-2 (due to size limitations in this thesis, these 
tables can be found in the original research article: https://doi.org/10.1002/glia.24078 ) . 

Commonality of reported genes in mouse models of AD compared to control

Commonality of reported genes was assessed by calculating the Jaccard index [9] of genes 
reported in two or more papers (Suppl. Table 1). If papers showed a complete overlap in 
reported genes, a value of 1 was given, if there was no overlap, a value of 0 was given. We 
observed very limited overlap in reported microglial DE genes between all AD mouse model 
papers (Fig. 1a), with a complete lack of overlap between i.e. Mathys et al. (2017) and Zhou 
et al. (2020). The largest overlap was observed between Sobue et al. (2021) and Zhou et 
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al. (2020) (Jaccard index of 0.79, Fig. 1a) which was surprising as these two studies used 
different AD mouse models, had different experimental procedures and different sequencing 
methods (Table 1). Interestingly, though Srinivasan et al. (2016) and Friedman et al. (2018) 
reported on similar mouse models, brain areas studied, dissociation method and microglia 
isolation methods (Table 1), they only showed a Jaccard index of 0.2 (Fig. 1a) which can be 
considered relatively low. Even though Zhou et al. (2020) and Sobue et al. (2020) showed 
a high Jaccard index between them, their Jaccard indices with other papers were relatively 
low (Jaccard index ranging from 0 to 0.12, Fig. 1a). Many genes reported by i.e. Sobue et al. 
(2021) and Keren-Shaul et al. (2017) were represented in the top 25 most reported microglia 
DE genes (Fig. 1b) even though their Jaccard Index was only 0.1 (Fig. 1a). Thus, whereas 
Sobue et al. (2021) and Keren-Shaul et al. (2017) reported on the same DE genes, Sobue et 
al. (2021) reported on many other genes not reported in Keren-Shaul et al. (2017) lowering the 
Jaccard index (Suppl. Table 1). The top 25 most reported genes included well known genes 
related to AD such as Clec7a, Trem2, Apoe and Itgax. Lastly, most papers included in this 
study used single-cell sequencing methods and used about 2-3 animals per condition. Still 
we observed considerable variation in the number of microglia cells sequenced (ranging from 
~1,000 to 10,801 cells, Table 1), but we observed no direct relation between the number of cells 
sequenced and the number of DE microglia genes reported in a paper. Enriched pathways 
present within gene lists taken from all AD mouse model studies also showed considerable 
differences between papers. Overall, only two GO-pathways (‘response to external stimulus’ 
and ‘immune system process’) were enriched in 4 out of the 9 studies included within this study 
whereas 79 of the total of 104 unique pathways were found enriched in one study only (Suppl. 
Table 1). Together, the data indicate that there is little overlap in reported DE microglia genes 
between various AD mouse model studies which is at least related to differential experimental 
set ups and the number of reported microglia genes per paper. In addition, lack of overlap in 
enriched pathways corroborate that the lack of overlap in reported genes within each paper 
may influence conclusions about microglia function drawn from each paper. 
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Figure 1: Overview of the overlap in microglia DE genes reported in papers investigating mouse models 
for AD and MS. (a) Jaccard indices indicating overlap of reported genes of 9 included AD mouse model. 
(b) Heatmap of the top 25 genes reported in at least two AD mouse model papers. Red boxes indicate that 
the gene was reported in the paper, grey boxes indicate an absence in reporting of the gene. (c) Jaccard 
indices indicating the overlap of reported genes of 4 included MS mouse model. (d) Heatmap of the top 25 
genes reported in at least two MS mouse model papers. Green boxes indicate that the gene was reported 
in the paper, grey boxes indicate an absence in reporting of the gene. 

Commonality of reported genes in mouse models of MS compared to control
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Similar to data from AD mouse models, we observed a limited overlap in reported microglia DE 
genes in MS mouse model RNA-seq papers (Fig. 1c, Suppl. Table 2). Of note is that compared 
to AD, we found less papers describing microglia RNA-seq data of MS mouse models making 
it more difficult to assess the possible cause of little overlap in reported genes. A high Jaccard 
index (0.69) was found between the data of Hammond et al. (2018) and Mendiola et al. (2020), 
even though these studies used different MS mouse models and tissues from which microglia 
were isolated (Table 2). Conversely, a very low Jaccard index (0.09, Fig. 1c) was found 
between Mendiola et al. (2020) and Jordão et al. (2019), even though these papers used 
the same MS mouse model and microglia isolation methods, though they did use different 
tissues (Table 2). When looking at the top 25 reported microglia DE genes (including Apoe, 
Cxcl10, Cst7, Ccl5, Ccl4, Ccl2) in papers, we observed more overlap in often reported top 25 
DE genes between Krasemann et al. (2017) and Mendiola et al. (2019) while Jordão et al. 
(2019) reported the least genes present in the top 25 DE genes (Fig. 1d). The lack of overlap 
in DE genes reported by Jordão et al. (2019) with the other studies may partly be related to 
the relatively low number of DE genes reported by Jordão et al. (2019) (Table 2). Analysis 
of enriched GO-pathways of gene lists showed that 2 pathways were enriched in 3 out of 4 
studies (‘cellular response to chemical stimulus’ and ‘response to external stimulus’) and 9 out 
of 47 unique pathways found were present in 2 out of 4 studies (Suppl. Table 2). Similarly to 
what is observed in AD mouse model papers, there is little overlap in reported DE genes and 
enriched pathways between MS mouse model studies which could be due to experimental set 
up (such as i.e. brain region studied) but is likely also influenced by differences between the 
papers in the numbers of reported microglia DE genes. 

Commonality of reported genes data from human tissue of AD to control and to mouse 
model data

There was slightly more overlap in reported DE genes in human AD RNA-seq papers than 
in papers on mouse models of AD (Suppl. Table 3). Based on the human core gene set, we 
found that Gerrits et al. (2021) and Zhou et al. (2020) reported almost the exact same genes 
(Jaccard index = 0.97, Fig. 2a). Additionally, there was a large overlap in genes reported by 
Gerrits et al. (2021) and Matthys et al. (2019) (Jaccard index = 0.7, Fig. 2a). These three 
studies all reported single cell RNA-seq data from frozen microglia nuclei though they used 
different tissue dissociation methods (Table 1). Concurrently, Srinivasan et al. (2020) used a 
different experimental set-up and showed almost no overlap in reported DE genes by other 
papers (Fig. 2a; Table 1). Despite using similar research methods as Gerrits et al. (2021) and 
Zhou et al. (2020), Grubman et al. (2019) showed little overlap in reported DE genes with 
other papers (Jaccard index = 0.2, Fig. 2a). Possibly, this could be related to the lower number 
of cells sequenced by Grubman et al. (2019) (449 compared to 3,986 and 150,000 cells for 
Zhou et al. (2020) and Gerrits et al. (2021), respectively). The top 25 most reported microglia 
DE genes (Fig. 2b) were dominated by the overlap in reported genes between Mathys et 
al. (2019), Gerrits et al. (2021) and Zhou et al. (2020). Similar to the AD mouse model data, 
most studies utilized single-cell sequencing but reported a large range in the number of cells/
nuclei sequenced (449 to 150,000, Table 1). Taken together, these data indicate slightly better 
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overlap in reported microglia DE genes between AD human tissue studies, most probably 
due to the fact that several studies used very similar experimental set ups. Furthermore, GO-
pathway analysis showed that there was no pathway enriched in a majority of the studies. This 
could be due to the absence of pathways enriched for the gene list derived from Srinivasan et 
al. (2020). In total we found 43 unique enriched pathways of which 5 were present in 2 out of 
5 included studies (Suppl. Table 3). 
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Figure 2: Overview of microglia DE genes reported in studies using AD and MS human tissue and the 
comparison of mouse model data to human data. (a) Jaccard indices indicating overlap in reported genes 
of 5 studies included reporting data from AD human tissue. (b) Heatmap of the top 25 genes reported in 
at least 2 human AD tissue studies. Orange boxes indicate that the gene was reported in the paper, grey 
boxes indicate an absence in reporting of the gene. (c) Heatmap genes reported in at least 2 AD mouse 
model papers and 2 AD human tissue papers. Pink boxes indicate that the gene was reported in the 
paper, grey boxes indicate an absence in reporting of the gene. (d) Venn diagram of the number of genes 
reported by papers showing data of human MS tissue. (e) Heatmap of genes reported in at least two MS 
mouse model papers and at least 2 human MS tissue papers. 

To assess the overlap of reported genes in AD mouse models with AD human tissue data, we 
compared the microglia DE genes reported by at least 2 mouse model papers with the DE 
genes reported in at least 2 human studies generating a list of genes mentioned in both mouse 
model and human tissue studies. Generally, reported genes of mouse models overlapped 
poorly with human tissue data. For example, the microglia DE gene most reported in mouse 
model papers (Clec7a) was not mentioned in at least two human RNA-seq studies (Fig. 1c, 
Fig. 2c). The AD mouse model paper showing the most overlap in reported microglia DE 
genes with AD human tissue was described by Sobue et al. (2021) (Fig. 2c). 

Commonality of reported genes data from human tissue of MS to control and to mouse 
model data

The three papers reporting sequencing data from human MS tissue microglia compared to 
control tissue showed very little overlap in reported DE genes. With only these three papers, 
we did not calculate Jaccard indices, instead we plotted a Venn-diagram. Schirmer et al. 
(2019) and van der Poel et al. (2019) showed no overlap in reported genes (Fig. 2d and Suppl. 
Table 4). The reported genes found overlapping between Jäkel et al. (2019) and Schirmer et 
al. (2019) were ACSL1, SLC1A3, KCNQ3, PTPRJ, SYNDIG1, FKBP5 and ASAH1 (Suppl. 
Table 4) and the reported genes overlapping between Jäkel et al. (2019) and van der Poel et 
al (2019) were CXCR4, GPNMB, SPP1, SLCO2B1, CSF1R and RHBDF2 (Suppl. table 4). 
The lack of overlap could be due to the very different experimental set ups such as microglia 
isolation and sequencing method. In addition, different brain areas were used to isolate 
microglia from as well as the pathological characterization of the MS tissue was unclear (Table 
2). We also observed a limited number of enriched GO-pathways with only one pathway found 
in two studies (‘cell activation’, Suppl. Table 4). It must be noted that though Schirmer et al. 
(2019) and Jäkel et al. (2019) feature microglia RNA-seq data in their supplementary files, 
microglial gene expression was not a primary outcome of their study. Thus, it could be that 
their methods were not optimized to detect microglial gene expression. When comparing the 
genes mentioned by either van der Poel et al. (2019), Schirmer et al. (2019) or Jäkel et al. 
(2019) to the genes reported in at least two mouse model studies, we found only a limited 
number of overlapping microglia DE genes in papers reporting on mouse model data, with 
Jordão et al. (2019) reporting no genes reported in MS human tissue studies (Fig. 2e).
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Discussion

In the present study we provide an overview of reported microglia DE genes within manuscripts 
and their supplementary files of current microglia RNA-seq studies in MS or AD rodent or 
human tissue. We created this overview with the aim to assess which RNA-seq data are readily 
available from the manuscript, how comparable they are between manuscripts and what 
researchers need to be aware of when using reported RNA-seq data. Overall, we observed 
very limited overlap in reported microglia DE genes among various microglia RNA-seq studies 
on AD or on MS. Moreover, limited overlap in enriched GO-pathways in the reported DE genes 
per study indicate that different gene lists could also lead to different inferences of microglia 
function per study. This was especially the case for AD mouse-model studies and for human 
MS tissue studies. Factors that may influence the overlap in reported genes between studies 
will be discussed below.

Experimental set up before sequencing

The differences in reported genes between the various currently available microglia RNA-seq 
studies could for a large part be attributed to differences in experimental set-up. Considerable 
overlap was observed between papers reporting DE gene data on human AD tissue with 
very similar experimental set up, i.e. all reported single-cell sequencing data from extracted 
frozen nuclei of human cortical brain areas using the same sequencing method (Gerrits 
et al., 2021; Grubman et al., 2019; Zhou et al., 2020). In contrast, the only study reporting 
bulk-sequencing of FACS sorted microglia from human AD tissue (Srinivasan et al., 2020) 
showed considerably less overlap in reported genes. This indicates that gene expression 
data generated by RNA-seq is likely influenced by the experimental set up being used, with 
alike research designs leading to more similar gene expression results [31]. For mouse model 
studies, we observed considerably more variation in the experimental set up. For example, 
AD mouse model studies used either different APP-mutation models (i.e. APP-PS1 or AppNL-
G-F) or used various mice models of neurodegeneration (i.e. CK-p25 or 5XFAD). Additionally, 
the experimental procedures before sequencing differed between studies. These included i.e. 
the brain region dissected, method of microglia isolation or the library preparation kit used prior 
to sequencing. However strikingly, two studies reporting almost the exact same experimental 
set up (Friedman et al., 2018; Srinivasan et al., 2016) still showed minimal overlap in reported 
genes. In a similar vein, we observed that the two MS mouse model studies showing the most 
overlap in reported genes isolated microglia from completely different mouse models (EAE 
versus LPC induced demyelination) and tissue (spinal cord vs. dissected white matter. Taken 
together, this suggests that whereas it is important to minimize set-up and analysis variation in 
studies investigating microglia gene expression in the context of AD or MS, other factors may 
also be at play, contributing to the lack of overlap in reported genes. 

Different requirements for reporting a gene

The large heterogeneity in reported DE genes may make it difficult to assess the use of 
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current reported data within manuscripts for other researchers. Our results were partially 
influenced by the length of gene lists reported by papers. Papers reporting many different 
DE genes e.g. within an Excel file in the supplementary materials often showed more overlap 
with each other. Thus, if a paper reports only highly significantly regulated genes or genes 
with a high fold change, this could decrease its overlap in reported genes with other papers. 
This does not necessarily mean that papers reporting a lower number of genes under-report 
data: What determines when a gene is reported or not could be influenced by factors such 
as i.e. the specific focus or aims of the paper, the research method used (i.e. bulk RNA-seq 
compared to scRNA-seq) or restrictions on the length of supplementary materials set by the 
journal. The selection criteria used to report genes could differ between papers. For example, 
only genes with a log fold change of (-) 2 or higher, only genes that showed high statistical 
significant DE compared to control, or various combinations of the two could be reported. To 
increase usability of data for other researchers, it would be advisable to include data in i.e. 
the supplementary files without too many restrictions. Reporting all data, already within the 
manuscript itself, allows other researchers to set their own filters and focus on their specific 
gene(s) of interest. 

Pathology of animal models and human tissue

We also observed limited commonality in reported genes between papers describing mouse-
model data and data from human tissue. For example, disease associated microglia (DAM) 
genes were first described in an impactful paper by Keren-Shaul et al. (2017) using a mouse 
model of AD. Microglia expressing high levels of DAM genes were identified as phagocytic 
cells responding to amyloid beta plaques, which were later also shown to be present i.e. other 
neurological diseases [32] or during neurodegeneration [33]. Since then, we have observed 
many references to this gene set in various (AD) microglia RNA-seq papers. However, microglia 
RNA-seq data from fresh human AD tissue did not show differential expression of these DAM 
genes compared to control [34]. Various explanations may be possible for this, including that 
post-mortem human AD tissue is often taken from end-stages of the diseases whereas mouse 
models often mimic relatively early pathological events. However, as postulated by Gerrits et 
al. (2021) [24], it could also be that the isolation of amyloid plaque associated microglia from 
fresh human tissue may be difficult due to the location of microglia within or between the 
plaques affecting their isolation. Thus, whereas we did find some overlap in reporting of specific 
DAM related genes in human and mouse, in our study we found that there is a wealth of genes 
which are found in mouse models of disease but not in the human counterpart. It remains 
to be elucidated whether these genes indicate pathological differences between human or 
mouse or not. Until then, mouse model data should be considered as genes regulated in the 
brain featuring specific pathology, such as the formation of amyloid beta plaques inducing 
i.e. phagocytic DAM. Concurrently, RNA-seq data from human AD tissue is of interest to 
identify microglia phenotypes present at late stages of disease, characterized by amyloid beta 
plaques, hyperphosphorylated tau and substantial neurodegeneration [35] which may induce 
a different microglia phenotype [24]. To determine the use of the microglia RNA-seq data 
presented within a published manuscript, it is therefore important that the pathology present 
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within the tissue used is extensively described such that it is clear which microglia function or 
response may be reflected in the gene expression data. We observed that pathological data 
of especially animal models is often not extensively reported. This is perhaps most clear in 
the limited amount of MS microglia sequencing studies currently published. For example, it 
is known that the EAE mouse model of MS, described in two of the four manuscripts (Jordão 
et al., 2019; Mendiola et al., 2020) used in this study leads to some demyelination in white 
matter areas such as the corpus callosum and spinal cord white matter, but much less in grey 
matter areas. Yet, both studies describing data from the EAE mouse model used either the 
whole brain or the whole spinal cord. In addition, the inflammatory status of the demyelinated 
areas is often not reported. Therefore, it is important to realize that these data are indicative 
of the total microglia response possibly present in the EAE brain, but not of demyelinated 
brain areas, in which the microglia response may be different. This is substantiated by the 
observation that though most mouse model studies showed a lack of overlap in reported DE 
genes in human MS tissue studies, the genes that were overlapping were present in normal-
appearing (i.e. non-demyelinated) brain areas of patients with MS (van der Poel et al., 2019). 

Surprisingly, though a role for microglia in MS pathology is quite clear [36] there are less 
studies reporting microglia RNA-seq data of MS tissue compared to AD. Especially for the 
human tissue data, van der Poel et al. (2019) is the only study specifically focusing on 
microglia, Schirmer et al. (2019) and Jäkel et al. (2019) both focus on different cell types but 
present microglia data in their supplementary files, albeit relatively low numbers. Moreover, all 
three studies feature data from different brain areas. As microglia function or states can differ 
depending on the local environment, e.g. grey versus white matter or demyelinated versus 
myelinated tissue [37-41], the lack of overlap between the three human MS RNA-seq studies 
is perhaps therefore not surprising. To disentangle the role of microglia in specific aspects 
of MS pathology such as demyelination, inflammation or neurodegeneration, more studies 
are needed with similar experimental set up and reporting, as extensively as possible, the 
pathology present within samples used for sequencing. 

Considerations

It is important to note that from our analysis we cannot make any statements about the overlap 
of differentially expressed genes between the entire generated datasets of several studies as 
this would require a bioinformatic reanalysis of all current deposited datasets. However, we can 
make inferences about the reported datasets within the manuscript and within supplementary 
data files, which is what most researchers without access to extensive bioinformatics analysis 
will use. Based on our observations, there is currently a large variation in which genes are 
reported within manuscripts, even when very similar research designs, animal models or 
tissues are used. Yet, we also observe that the lack of overlap in reported microglia DE genes 
can possibly be mitigated by standardizing the way genes are reported within the manuscript: 
Overall, overlap in reported genes between manuscripts is increased when many genes are 
reported. This can be achieved by reducing the selection criteria for genes that are reported 
within the manuscript or in the supplementary files. For example: the complete gene set found 
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to be differentially expressed should be included, without extra restrictions on e.g. the minimal 
fold change. If this is not possible, it should be mentioned in the manuscript or supplementary 
files which exact threshold was used to select genes (i.e. an FDR or adjusted p value <0.05 
and log fold change >2). If no supplementary files are allowed, these analyzed gene sets 
could be added to the unanalyzed (raw) data deposited in databases such as NCBI GEO. 
Perhaps more importantly, as we observed that microglia RNA-seq data are reflective of the 
specific pathology present within the tissue used, more extensive reporting on the specific 
pathology present within tissue used for sequencing (or if not possible, adjacent tissue) within 
the manuscript would facilitate interpretation of the specific gene sets created. This can include 
i.e. amount of amyloid beta plaques and hyperphosphorylated tau tangles for AD or presence 
or amount of inflammation and demyelination or remyelination in MS tissue. For researchers 
wanting to use microglia gene expression data, the above-mentioned points are important to 
keep in mind when selecting genes as outcome measurements for further experiments. 

In conclusion, one of the main advantages of using RNA-seq is the generation of large 
unbiased datasets which can be used either to elucidate novel genes regulated in specific 
pathological conditions or as a reference for further experiments and thus, these data can 
be very powerful for scientists. Through various database initiatives, the unanalyzed (raw) 
data in the form of count matrices or FASTA files is often available to those with knowledge of 
bioinformatics. However, this is not the case for all research groups. In addition, reanalyzing 
all datasets can be time-consuming even for a dedicated bioinformatician. Thus, in order to 
facilitate and spread the knowledge generated by RNA-seq datasets, in this study we provide 
insight into how current microglia gene expression data from MS and AD tissue is reported 
and some considerations which may be adopted to increase use of reported gene expression 
data for other researchers with or without bioinformatics experience. 

Supplementary data

Supplementary Tables 1-4 may be found online as these are too large to fit into this thesis 

https://doi.org/10.1002/glia.24078
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For many years it has been appreciated that Multiple Sclerosis (MS) pathology is characterized 
by demyelination of white and grey matter. Whether demyelinating white matter lesions (WMLs) 
and grey matter lesions (GMLs) represent a distinct type of pathology with a unique origin, or 
sequential stages in the evolution of a single type of MS, has not yet been resolved. Of interest 
is that, although WMLs and GMLs are characterized by areas of focal demyelination, their 
histopathological features differ. Besides a lower number of infiltrating leukocytes in GMLs 
versus WMLs [1, 2], less activated microglia, as seen in WMLs, are present in GMLs. This 
calls into question the role of microglia in cortical grey matter damage in MS.

Microglia can present with several phenotypes. Under homeostatic conditions, they survey the 
area for pathogens and show a ramified phenotype. When being challenged, they can adopt 
multiple morphological (e.g. primed or amoeboid) and functional (e.g. protective or damaging) 
phenotypes [3]. At first, microglia are considered to have beneficial effects, by phagocytosis 
of pathogens or cell debris. However, when it evolves into a chronic disease state, e.g. MS, 
microglia are supposed to exert detrimental effects. Studies on microglia in MS have focused 
primarily on WMLs. Using post-mortem human or animal-model tissue, microglia in WMLs 
were visualized using traditional markers like Iba-1, MHC-II or CD68. However, in cortical 
lesions, little expression of MHC-II and CD68 markers can be observed [2]. In addition, we 
previously observed that the chemokine CCL2 and its receptor CCR2 in microglia were highly 
upregulated in WMLs while being minimally present in GMLs [4]. This can possibly explain the 
relative paucity of leukocytes in the GMLs.

What we can learn from these studies is that microglia in WMLs and GMLs respond differently 
during MS pathology. Morphological and functional microglial changes in cortical MS lesions 
may be more subtle than observed in WMLs. As already shown in normal rat and mouse 
brain, microglial responsivity is influenced by its location [5, 6]. Even so, we propose that grey 
matter- derived microglia can associate with or contribute to cortical damage in MS.

In support of a potential damaging role of microglia in cortical lesions, is the observation that if 
microglia do have an activated phenotype at the rim of subpial cortical lesions, these patients 
had a significantly shorter disease duration and were younger at the time of death [7]. One of 
the factors produced by these microglia possibly contributing to cortical pathology is reactive 
oxygen species (ROS), i.e. nitric oxide or NADPH oxidase. Indeed, microarray data showed 
an increase in NADPH- oxidase subunits in cortical MS lesions compared to cortical control 
tissue [8]. Moreover, widespread oxidative injury to neurons was present in cortical lesions 
[9], and activated microglia in cortical lesions were in close apposition to neurons [1, 10, 11], 
all pointing toward a role of microglial-derived ROS in mediating cortical neuronal damage.

Another source of data indicating a role for microglia in cortical damage are PET imaging 
studies performed in MS patients using TSPO ligands binding to microglial cells. It has been 
shown by the traditional PK11195 ligand, and recently confirmed by the novel PBR28 ligand, 
that in addition to WMLs, there was clear binding of these ligands to microglia in cortical 
lesions as well as deeper GMLs [12, 13]. Supportive for a role of cortical microglial cells in 
the disease process was the observation that the level of cortical microglial binding correlated 
to neurological disability and pathology. Although not without controversy, meningeal 
inflammation is considered to facilitate subpial cortical demyelination accompanied by cortical 
microglial activation. Various immunohistological studies on MS postmortem and biopsy 
material showed that lymphoid follicles present in meninges associated with significant more 
activation of microglial cells and demyelination in the cortex [10-11]. These findings support, 
at least, an indirect role of microglia contributing to cortical damage.
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A way to ultimately demonstrate that microglia play a pivotal role in cortical dam- age 
during MS, is to regionally and selectively ablate microglial function. Thus far, the antibiotic 
minocycline has been used in animal models of MS to reduce overall microglial activity. As a 
consequence, less axoglial disruption occurred with subsequent more survival of axons [14]. 
Also in a combination with hydroxychloroquine treatment of mice suffering from experimental 
autoimmune encephalomyelitis, minocycline suppressed clinical symptoms [15]. Of clinical 
interest is the recent observation that minocycline treatment significantly reduced the risk of 
conversion of clinically isolated syndrome patients to full-blown MS [16]. Despite all research 
performed on microglia, there is still a large gap in knowledge of the function of microglia in 
MS pathology. In particular the role of microglia in WMLs versus GMLs in MS pathology is 
largely unexplored. Based on the thus far available evidence, we postulate that microglia have 
a contributing role in cortical damage in MS. It is a future challenge in microglial research to 
further specify the role of lesion- specific microglia in MS pathology.
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Abstract

Multiple Sclerosis (MS) is the most common cause of acquired neurological disability in 
young adults, pathologically characterized by leukocyte infiltration of the central nervous 
system, demyelination of the white and grey matter, and subsequent axonal loss. Microglia 
are proposed to play a role in MS lesion formation, however previous literature has not been 
able to distinguish infiltrated macrophages from microglia. Therefore, in this study we utilize 
the microglia specific, homeostatic markers TMEM119 and P2RY12 to characterize their 
immunoreactivity in MS grey matter lesions in comparison to white matter lesions. Furthermore, 
we assessed the immunological status of the white and grey matter lesions, as well as the 
responsivity of human white and grey matter derived microglia to inflammatory mediators. 
We are the first to show that white and grey matter lesions in post-mortem human material 
differ in their immunoreactivity for the homeostatic microglia-specific markers TMEM119 and 
P2RY12. In particular, whereas immunoreactivity for TMEM119 and P2RY12 is decreased in 
the center of WMLs, immunoreactivity for both markers is not altered in GMLs. Based on data 
from post-mortem human microglia cultures, treated with IL-4 or IFNγ+LPS and on counts 
of CD3+ or CD20+ lymphocytes in lesions, we show that downregulation of TMEM119 and 
P2RY12 immunoreactivity in MS lesions corresponds with the presence of lymphocytes and 
lymphocyte-derived cytokines within the parenchyma but not in the meninges. Furthermore, 
the presence of TMEM119+ and partly P2RY12+ microglia in pre-active lesions as well as in 
the rim of active white and grey matter lesions, in addition to TMEM119+ and P2RY12+ rod-like 
microglia in subpial grey matter lesions suggest that blocking the entrance of lymphocytes into 
the CNS of MS patients may not interfere with all possible effects of TMEM119+ and P2RY12+ 

microglia in both white and grey matter MS lesions.

Introduction

Multiple Sclerosis (MS) is the most common cause of acquired neurological disability in 
young adults. It is a chronic inflammatory, degenerative disease of the central nervous system 
(CNS), pathologically characterized by leukocyte in-filtration of the CNS, demyelination of the 
white and grey matter, and subsequent axonal loss. From a clinical point of view, MS is very 
heterogeneous and is associated with an array of symptoms, including sensory and motor 
deficits, fatigue, cognitive and psychiatric disturbances [1, 2]. Microglia are considered to play 
an important role in MS lesion formation [3-7]. Dysfunction of the blood-brain-barrier leads to 
infiltration of leukocytes into the CNS, possibly attracted by antigens presented by microglia 
and/or by infiltrated macrophages [6, 8]. Indeed, activated, amoeboid-shaped microglia are 
present within active white matter lesions (WMLs) and in the rim of chronic-active WMLs, 
expressing MHC-II [9]. Pre-active lesions consisting of microglial nodules expressing 
MHC-II can also be found in the normal appearing white-matter, preceding demyelination 
and infiltration of leukocytes Valk and Amor, 2009. When studying the expression profile of 
microglia, at least two genes have been related to a homeostatic signature of microglia in the 
human and rodent brain, i.e. TMEM119 and P2RY12. Both TMEM119 and P2RY12 mRNA 
have been shown to be expressed only by microglia and not by infiltrating macrophages 
[10-13]. Interestingly, TMEM119 and P2RY12 immunoreactivity has been shown to be 
reduced in active WMLs compared to normal-appearing WM in post-mortem MS patient brain 
material which can indicate either a decrease in microglia presence in the WML or regulation 
of the microglia markers by the local inflammatory environment [14-16]. This last option is 
supported by observations that P2RY12 expression in human microglia is enhanced by the 
anti-inflammatory cytokine interleukin4 (IL-4) [14, 16, 17] whereas TMEM119 mRNA levels are 
reduced in mouse derived microglia treated with pro-inflammatory lipopolysaccharide in vitro 
[10] indicating that expression of both markers can be regulated by inflammatory cytokines. 
Contrary to WMLs, to date, there has been no study on the expression of TMEM119 and 
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P2RY12 in grey matter lesions (GMLs). However, recent studies utilizing single-cell RNA-seq 
have shown that microglia in normal appearing white matter (NAWM) and normal appearing 
grey matter (NAGM) of MS patients differ in their gene expression pattern [18]. In line with 
this observation, it was already shown in normal rodent brain, that microglia derived from 
various brain regions show a region-specific expression profile [19, 20]. In that respect it is 
worth noting that, different from WMLs, microglia in MS GMLs only sparsely express MHC-II 
and show mostly a ramified or ‘reactive’ phenotype instead of an amoeboid, ‘active’ phenotype 
[21-23]. If we want to understand how microglia can contribute to MS lesion formation, more 
attention should be focused on microglia in GMLs. In GMLs, demyelination is as evident, 
or even more extensive [24-26] as in WMLs, but the microglial and inflammatory response 
appears different. Therefore, in order to expand the existing literature we identified and 
compared the expression of the homeostatic markers TMEM119 and P2RY12 in MS GMLs to 
WMLs. To this end, we used postmortem human MS brain material containing subpial GMLs 
and various WML types, and leukocortical lesions to perform immunohistochemical analysis 
of TMEM119 and P2RY12. Moreover, the immunological status of the lesions was determined 
and the responsivity of human white matter (WM) and grey matter (GM) derived microglia to 
inflammatory mediators was assessed.

Materials and Methods

Post-mortem human brain tissue

Post-mortem brain material of MS patients was obtained from the Netherlands Brain Bank 
(NBB, Amsterdam, The Netherlands) and from the Biobank of the Amsterdam MS center 
(Amsterdam, The Netherlands). In compliance with all local ethical and legal guidelines, 
informed consent for brain autopsy and the use of brain tissue and clinical information for 
scientific research was given by either the donor or the next of kin. For immunohistochemical 
purposes, a total of 27 tissue blocks from 18 clinically diagnosed and pathologically verified 
MS patients were used. For isolating primary microglia, fresh NAWM and NAGM tissue was 
taken at autopsy from 12 patients with various neurological diseases. Clinicopathological 
information of patients from which brain material was used in this study, is provided in (Table 
1).
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Table 1: Clinicopathological information of included patients for immunohistochemistry and primary 
microglia isolation

Patient Age Gender Diagnosis Disease 
duration * 
(years)

Post-mortem 
delay (h)

Cause of death Lesions

Immunohistochemistry

1 60 M SPMS 16 8:49 Euthanasia 1 aWML, NAWM, 
NAGM

2 48 M PPMS 18 6:35 Dehydration 2 aWML, 2 cWML, 
2 sGML, NAWM, 

NAGM

3 66 F PPMS 27 9:45 Pneumonia 1 sGML, NAWM, 
NAGM

4 52 F PPMS 25 8:40 Euthanasia 1 cWML, 1 sGML, 
NAWM, NAGM,

5 74 F PPMS 16 10:30 Respiratory failure 1 sGML, NAWM, 
NAGM,

6 65 F SPMS 22 10:45 Brain infarction 2 cWML, 1 sGML, 
NAWM, NAGM,

7 66 F SPMS 22 6:00 Unknown 2 aWML, 1 sGML, 
NAWM, NAGM

8 51 M SPMS 20 11:00 Unknown 2 aWML, 1 cWML, 
NAGM

9 50 F SPMS 12 9:05 Euthanasia 1 aWML, 1 sGML, 
NAWM,

10 50 M SPMS 21 10:50 Euthanasia 1 aWML, NAWM, 
NAGM

11 54 M PPMS 12 8:15 Euthanasia 1 cWML,1 sGML

12 54 F SPMS 23 9:25 Respiratory failure 1 aWML

13 47 F SPMS 27 8:35 Pneumonia 1 aGML

14 53 M PPMS 2 5:30 Pneumonia 1 leukocortical 
lesion

15 41 F SPMS 11 8:25 Natural causes 1 leukocortical 
lesion

16 45 M SPMS 20 7:45 Cardiac Arrest 1 leukocortical 
lesion

17 54 F SPMS 24 9:10 Dyspnea followed 
by palliative care

1 leukocortical 
lesion

18 57 F SPMS 25 10:40 Euthanasia 1 leukocortical 
lesion

Primary microglia isolation
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15 81 M PD 38 8:05 Septic Shock

16 65 M SPMS 34 9:30 Euthanasia

17 51 F SPMS 17 9:10 Euthanasia

18 70 M SPMS 33 9:25 Euthanasia

19 81 F PD 7 10:50 Respiratory Failure

20 76 F Hypokinesia 
/PD

9 9:15 Heart Failure

21 67 F PPMS 16 5:45 Euthanasia

22 35 F Neuropathic 
pain

8 5:20 Euthanasia

23 65 F MSA-P 3 7:05 Euthanasia

24 67 M PPMS 11 7:55 Euthanasia

25 52 F PPMS 2 9:30 Euthanasia

26 83 F PPMS 34 7:40 Ovarian Cancer

M=male; F=female; SP = Secondary progressive; PP = Primary progressive; 
PD = Parkinson’s Disease, MSA-P = Multiple System Atrophy-Parkinsonism 
, *   Starting from first diagnosis, NAGM = normal appearing grey matter, 
NAWM = normal appearing white matter, cWML = chronic white matter 
lesion, aWML= active white matter lesion, sGML = subpial grey matter 
lesion, aGML = active grey matter lesion. 

Immunohistochemistry

After autopsy, dissected brain tissue was fixed in 4 % formalin and subsequently embedded in 
paraffin. From the obtained cortical and subcortical tissue paraffin blocks, 10 m sections were 
cut on a microtome and mounted on positively charged glass slides (Permafrost) and incubated 
on a heated plate for 1 h at 43 °C. Afterwards, slides were dried overnight in an incubator at 37 
°C before being stored at room temperature (RT). Upon use for immunohistochemistry, tissue 
sections were heated to 58 °C for 30 min. Subsequently, sections were deparaffinized in 
xylene replacement (100%) and graded ethanol series (100, 96, 80 and 70%) to demi-water. 
For antigen retrieval, sections were heated to 90–95 °C in 10 mM Tris buffer containing 1 mM 
EDTA (Tris-EDTA, pH 9) or in 0.1 M citrate buffer (pH 6, see Table 2) for 30 min. in a conventional 
steam cooker. When cooled down to RT, sections were washed in TBS (pH 7.6) and incubated 
in TBS with 1% H2O2 for 20 min. to block endogenous peroxidase activity. Subsequently, 
after washes with TBS, the sections were incubated for 30 min. in TBS containing 0.5% Triton 
(TBS-T) and 5% milk powder (Campina, Zaltbommel, The Netherlands; block buffer) to block 
non-specific antibody binding.Primary antibodies were diluted in block buffer as indicated in 
Table 2, and the sections were incubated with the antibodies overnight at 4 °C. Then, sections 
were washed in TBS and incubated in block buffer containing corresponding biotinylated goat 
anti mouse IgGs (1:400,Jackson laboratories, Cambridge, UK) or biotinylated donkey anti 
rabbit IgGs (1:400, Jackson laboratories) at RT for 2 h. Subsequently, sections were washed 
in TBS and incubated for 1 h with horseradish peroxidase-labeled avidin-biotin complex (ABC 
complex, 1:400, Vector Labs) in TBS-T at RT. Finally, after washes in TBS and Tris-HCl, 
immunoreactivity was visualized by adding 3,3-diaminobenzidine (DAB, Sigma, St. Louis, 
USA) or NovaRED (Vector Labs, Peterborough, UK), and sections were counterstained with 
hematoxylin. Sections were subsequently dehydrated in graded series of ethanol, cleared in 
xylene and mounted with Entellan.

Boekje_271221.indd   77Boekje_271221.indd   77 4-1-2022   12:22:074-1-2022   12:22:07



78

Table 2: Primary antibodies used for immunohistochemistry

Primary antibody Ab Dilution Antigen Retrieval Source (article number)

Rabbit anti TMEM119 
C-terminus

1:500 Tris/EDTA pH 9 Atlas Antibodies, Sweden 
(HPA051870)

Rabbit anti Human P2Y12R 
C-terminus

1:200 Tris/EDTA pH 9 Anaspec, Netherlands (AS- 
55042A)

Mouse anti MHC-II (HLA-
DR)

1:1000 Tris/EDTA pH 9 Clone LN3, Pierce, 
ThermoFisher (MA5-11966)

Rabbit anti Iba-1 1:1000 Citrate pH 6 WAKO Chemicals U.S.A. 
(019- 19741)

Mouse anti PLP 1:250 Tris/EDTA pH 9 Serotec (MCA839G)

Rabbit anti CD3 1:100 Citrate pH 6 DAKO, Denmark (A04520)

Mouse anti CD20 1:200 Tris/EDTA pH 9 DAKO, Denmark (M0755)

Mouse anti IL-4 1:500 Citrate pH 6 BioMatik (CAU29167)

Mouse anti IFN-γ 1:000 Tris/EDTA pH 9 Abcam, U.K. (ab218426)

Goat anti Iba-1 1:500 Tris/EDTA pH 9 Abcam, U.K. (ab5076)

Ab=antibody

Table 3: Primer sequences used for qPCR

Primer Primer sequence forward (5’- 3’) Primer sequence reverse (3’-5’)

TMEM119 TCCAGGGTCAGATTACAAGAGCAC ACTGTTGATTCTGGAGGGTTTGA

P2RY12 ACTCTCTCTTCCAGCCCAGGT CCAGGACCAGTTCCTTGGCGTA

AIF-1 CCCTCCAAACTGGAAGGCTTCA CTTTAGCTCTAGGTGAGTCTTGG

GFAP GCAGATTCGAGAAACCAGCC GCTCCTGCTTGGACTCCTTA

IL-1β TACAGCTGGAGAGTGTAGATC CAAATTCCAGCTTGTTATTG

MRC AGTGATGGGACCCCTGTAACG CCCAGTACCCATCCTTGCCTTT

SDHA* CCAGGGAAGACTACAAGGTGCGGA AGGGTGTGCTTCCTCCAGTGCT

POLR2F* GAACTCAAGGCCCGAAAG TGATGATGAGCTCGTCCAC

* = used as housekeeping gene

Identification of multiple sclerosis lesion types

MS lesion types were identified in post-mortem brain material by immunohistological staining 
for myelin proteolipid protein (PLP) and staining for the HLA-DR marker MHC-II. Lesion location 
was determined by the relative absence of PLP immunoreactivity indicating demyelinating/
demyelinated areas. WML types were classified according to Kuhlmann et al. (2017) [9]. 
WML types were characterized as active when immunoreactivity for PLP was lost and a large 
number of amoeboid MHC-II+ cells was present in the demyelinating or demyelinated lesion 
(Fig. 1a, b). WMLs showing a ‘rim’ of MHC-II+-cells around the demyelinated lesion with 
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less, but still apparent amoeboid MHC-II+ cells in the center of the demyelinated lesion were 
deemed chronicactive WMLs (or mixed active/inactive according to Kuhlmann et al., (2017) 
[9] (Fig. 1c, d). In contrast to WMLs, characterization of lesions in the GM is based on location 
rather than MHC-II+ activity Kaiser and Feng, 2019. Lesions showing loss of myelin (as 
indicated by reduced PLP staining) from the outer layer into the cortex were deemed subpial 
lesions [9, 27]. They often present with little MHC-II+ cells (Fig. 1g, h) [22]. Lesion activity in 
GMLs is defined by the presence or absence of a rim of activated microglia surrounding the 
lesion area as defined by Peterson et al., (2001) [22]. One case showed a subpial GML with 
a clear rim of activated MHC-II+ cells, this lesion was deemed an active subpial GML (Fig. 
1e, f) [22] Type 1 (leukocortical) lesions featured a chronic-active white-matter demyelinated 
area, characterized by a rim of MHC-II+ cells and a grey-matter demyelinated area with a 
comparatively low amount of MHC-II+ cells similar to subpial GMLs (Additional file 1: Figure 
S1). In addition, WM areas with MHC-II+ microglial nodules, but no demyelination and not in 
close proximity to blood vessels were deemed pre-active lesions [28].

Figure 1: Representative images of lesion types 
used in this study. Lesions are characterized by loss 
of PLP staining and amount of MHC-II+ cells. A large 
amount of MHC-II+ cells can be observed in the 
demyelinated area (a) in active WMLs (b). Chronic-
active demyelinated WMLs (c) feature a ‘rim’ of MHC-II 
cells (d) which is also visible in demyelinated active 
GMLs (e, f). Subpial demyelinated (g) GMLs hardly 
show MHC-II+ cells (h). Scalebar (a-h) = 200 µm. 
Dashed lines indicate the edge of the lesion.

Double-labeling immunohistochemistry

Sections were pretreated as described for 
single labeling above. Sections were incubated 
overnight at 4 °C with both primary antibodies 
(either TMEM119, P2RY12 or Iba-1, for dilutions 
see Table 2) diluted in block buffer. Sections 
were washed in TBS and incubated with alkaline 
phosphatase ImmPRESS anti-Rabbit IgG 
polymer detection kit (Vectorlabs) for 30 min. 
at RT. Subsequently, slides were washed again 
and incubated for 2h at RT with a biotinylated 
donkey anti goat IgG’s (Iba-1; 1:400, Jackson 
laboratories). Subsequently, sections were 
washed in TBS and incubated for 1h at RT with 
horseradish peroxidase labeled avidin-biotin 
complex (ABC complex, 1:400 Vectashield). 
Afterwards, slides were washed in TBS and 
immunoreactivity of TMEM119 or P2RY12 was 
then visualized by adding Liquid Permanent 
Red (LPR, DAKO) and Iba-1 immunoreactivity 
was visualized using the Vector SG Peroxidase 

kit (Vectorlabs). Subsequently, sections were washed and dried on a heated plate at 37 °C 
before being cleared in xylene and mounted with Entellan.

Separation of color signals from double-labeled sections

Pictures of double labeled sections were taken at wavelengths ranging from 480 nm to 680 
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nm at 60x magnification using the Nuance multispectral imaging system (PerkinElmer). LPR 
stained cells and Vector SG stained cells were separated based on their light emission which 
yields images similar to fluorescently labeled antibodies. Using the open source software 
ImageJ [29] compositions of the separated signals were then made to visualize co-localization.

Semi-quantitative analysis of immunoreactivity

Immunoreactivity detected in active and chronic-active WMLs, NAWM, subpial GMLs and 
NAGM was analyzed using ImageJ. Per lesion, depending on the lesion size, 1–2 images 
were made at 20x magnification using a Leica DM5000B microscope. Per NAWM and NAGM 
area, 2 images were made. All images analyzed had a region of interest (ROI) of 622 × 466 
m. Within these ROIs, signals from DAB and hematoxylin were separated using the color 
deconvolution plug-in Ruifrok and Johnston, 2001. From the subsequently acquired DAB 
images without heamatoxylin signal, an auto-threshold method was applied. The measured 
area fraction (percentage of DAB stained area per ROI) obtained when 2 images were taken, 
was averaged. If one tissue block featured several lesions of the same type, these values 
were averaged. If multiple tissue blocks from the same patient featured the same lesion types, 
measurements from these lesions were considered separate independent values. Cell counts 
were conducted using an Olympus BX45 microscope with a U-OCMSQ 10/10 eyepiece 
micrometer (Olympus Lifescience) featuring a square of 10 × 10 mm2. Cells positive for CD3, 
CD20, IL-4 or IFNγ in lesions or NAM were counted in three random squares of 10 × 10 mm2 
at 20x magnification and counts were averaged and expressed as number of positive cells/
mm2.

Isolation, culture and treatment of primary human microglia

Normal appearing human white and grey matter (5–10 g per isolation) were obtained at 
autopsy and stored at 4 °C in medium consisting of equal amounts of Dulbecco’s Modified 
Eagle Medium (DMEM; Gibco, Life Technologies, Breda, The Netherlands) and Ham’s F12 
nutrient mix (Gibco, Life Technologies, Breda, The Netherlands) supplemented with 50 g/ml 
gentamycin (Invitrogen, Eugene, USA). Isolation of primary microglia was conducted either 
directly after tissue collection or within 12 h thereafter. Subsequently, tissue was washed in 
collection medium and chopped using a sterile razor blade. Tissue was trypsinized for 30 min 
at 37 °C using 0.25% trypsin (Difco) dissolved in a trypsinization buffer (8 g/l NaCl (Sigma), 
0.4 g/l KCl (Sigma, Darmstadt, Germany), 0.84 g/l NaHCO3 (Merck, Darmstadt, Germany), 
0.2 g/l EDTA (Promega, Madison, USA), 4.8 g/l HEPES (Sigma), and 1 g/l glucose dissolved 
in MilliQ water, pH set at 7.6). After incubation, culture medium consisting of equal amounts 
of DMEM and Ham’s F12 supplemented with 10% fetal calf serum (Gibco, Life Technologies), 
1% Penicillin/Streptomycin (Invitrogen) and 1% L-glutamine (Invitrogen) was added to de-
activate the trypsin and the tissue homogenate was further dissociated using titration with a 
10 ml pipette into a homogenous suspension which was filtered using a 100 m mesh (Greiner-
bio-one, Alphen aan de Rijn, The Netherlands). The suspension was centrifuged and the cell 
pellet was resuspended in 30% Percoll diluted in a gradient buffer (3.56 g/l of Na2HPO42H2O 
(Merck), 0.78 g/l of NaH2PO4H2O (Merck), 8 g/l of NaCl (Merck), 4 g/l of KCl (Merck), 2.0 
g/l of d-(+)glucose, and 2.0 g/l of BSA, pH 7.4) supplemented with 2.5% NaCl (1.5 mol/l) 
(GE Healthcare Biosciences AB, Uppsala, Sweden). The suspended cells were subsequently 
overlaid with the aforementioned gradient buffer and centrifuged for 35 min at 450×g at 18 °C 
with no acceleration or brake. After centrifugation, a myelin layer was formed at the interphase 
and microglial cells are pelleted. This cell pellet was treated with erythrocyte shock buffer (8.3 
g/l of NH4Cl (Merck) and 1 g/l of KHCO3 (Merck), pH 7.4) for 15 min at 4 °C. Subsequently, 
cells were centrifuged and the pellet re-suspended in 7.2 ml culture medium as described 
above and 600 l cell suspension/well was added to a 24 well plate coated with 15 g/mL 
Poly-L-Lysine (Sigma). After one day of culturing, cells were cultured in culture medium + 
25 ng/ml human recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF; 
Peprotech, London, the UK). Medium was changed every three days by replacing half of the 
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medium with culture medium. After 7–10 days of culturing, cells were treated with recombinant 
human interleukin (IL)-4 (10 ng/ml; Biolegend, San Diego, USA) for 48 h or with recombinant 
human interferon (IFN) γ (10 ng/ml; Biolegend) for 24 h followed by addition of 10 ng/ml 
lipopolysaccharide (LPS, derived from E.coli O55:B5; Difco) for 24 h [30] or left untreated.

Semi-quantitative RT-PCR

Per treatment condition, 3–5 wells containing microglial cells were lysed in a total of 1 ml 
TRIzol (Invitrogen). To the combined sample, 200 l chloroform was added and tubes were 
centrifuged at 12,000×g for 15 min. at 4 °C. After the phenol-chloroform-extraction, RNA was 
purified and cleaned up using the E.Z.N.A. MicroElute RNA Clean Up kit (Omega Bio-Tek, 
Norcross, USA) and analyzed for quality and quantity using a NanoDrop spectrophotometer 
(Thermo Scientific). Input of RNA for cDNA synthesis for all samples was normalized based on 
the sample with the lowest concentration of RNA. Per sample, 250 ng total RNA of sufficient 
quality (260/ 230 ratio of 2 and 260/280 ratio 1.8) was reverse-transcribed into cDNA using 
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Bleisswijk, The 
Netherlands) with oligo-d(T) primers (50 M, Invitrogen) according to the manufacturer’s 
description. Semi-quantitative RT-PCR was performed in a total volume of 10 l per sample 
consisting of 3 l of Power SYBR Green Master Mix (Life Technologies, Carlsbad, USA), with 
50 M of each forward and reverse primers (see Table 3), and 6 ng/l cDNA in a MicroAmp 
Optical 96-well Reaction Plate (Applied Biosystems, Foster city, USA). The PCR reaction 
was performed using the StepOnePlus Real-Time PCR system (Applied Biosystems). The 
PCR protocol was adapted from the manufacturers description and featured 40 cycles with 
an annealing temperature of 60 °C, followed by a melt curve analysis. The relative expression 
level of the target genes was determined by the LinReg PCR software (version 2014 4.3 (July 
2014); website: http://www.hfrc.nl) using the following calculation N0 = Nq/ECq (N0 = target 
quantity, Nq = fluorescence threshold value, E = mean PCR efficiency per amplicon, Cq = 
threshold cycle). In total 7 housekeeping genes were tested, of which SDHA and POLR2F 
expression were selected for gene expression normalization using NormFinder Andersen, 
Jensen, and Ørntoft, 2004. Data analysis was performed on the normalized N0 values.

Statistical analysis

Statistical analysis was conducted using SPSS Statistics 22 (IBM, Armonk, USA). None of 
the semi-automatically quantified DAB stained signal datasets showed a normal distribution 
and were therefore analyzed using a Kruskall-Wallis test with pairwise comparisons, using 
the Bonferroni correction for multiple testing. P-values <0.05 were considered statistically 
significant. Data from the semi-quantitative RTPCR also did not show a normal distribution. 
In order to compare differences on a group level within WM or GM-derived conditions, a 
Friedman’s test was used with post-hoc testing done manually by comparing individual data 
sets within WM and GM-derived microglia with the Wilcoxon Signed Ranks test. Differences 
between GM and WM conditions were individually compared with the Wilcoxon Signed Ranks 
test, p values were adjusted with the Bonferroni correction. P values < 0.05 were considered 
statistically significant.

Results

TMEM119 and P2RY12 immunoreactivity was absent in WMLs but not in pre-active WMLs 
Compared to NAWM, where MHC-II+ microglia showed a ramified appearance (Fig. 2a), active 
WMLs showed numerous amoeboid, MHC-II+ cells (Fig. 2b). Chronic-active WMLs showed 
MHC-II+ cells with a more reactive phenotype (Fig. 2c). Iba-1 showed a similar pattern of 
immunoreactivity as MHC-II+ cells (Fig. 2d,e,f). In contrast, TMEM119+ cells were present 
in ramified microglia in the NAWM (Fig. 2g), but its immunoreactivity was absent in active 
WMLs and chronic-active WMLs (Fig. 2h, i). P2RY12+ cells were present in ramified cells 
similarly to what was observed for MHCII+ and Iba-1+ cells in the NAWM (Fig. 2j), but they 
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were virtually absent in active WMLs. In contrast to TMEM119, P2RY12 immunoreactivity 
reappeared in the center of chronic-active WMLs, showing a reactive phenotype similar to Iba-
1 and MHC-II+ cells in those lesions (Fig. 2k, l). In pre-active WMLs which appeared in white 
matter that showed no demyelination (Fig. 2m) but did show MHC-II immunoreactivity (Fig. 
2n), TMEM119 (Fig. 2o) and P2RY12 (Fig. 2p) immunoreactivity was present.

Figure 2: Representative images of MHC-II (a,b,c), Iba-1 (d,e,f), TMEM119 (g,h,i) and P2RY12 (j,k,l) 
immunoreactivity normal appearing matter and in the demyelinated center of active WMLs and chronic-
active WMLs and in pre-active lesions (m,n,o,p). Scalebars (a-l and m-p) = 50 µm.

TMEM119 and P2RY12 immunoreactivity was present in subpial GMLs

To verify that TMEM119 and P2RY12 were markers for GM microglia in addition to WM 
microglia, we observed that both markers completely overlap with Iba-1+ microglia in white- 
and grey normal appearing matter (Additional file 1: Figure S2). Compared to NAGM, where 
MHC-II immunoreactivity was present in a small amount of ramified microglia, MHC-II+ 
microglia showed a more reactive phenotype in the active subpial GML (Fig. 3a, b). Subpial 
GMLs without an active rim showed limited MHC-II immunoreactivity similar to NAGM (Fig. 
3c). Iba-1 immunoreactivity in the NAGM was present in ramified microglia (Fig. 3d). Similar 
to MHC-II immunoreactivity, active subpial GML showed Iba-1 immunoreactivity in microglia 
with a more reactive phenotype (Fig. 3e) whereas Iba-1 immunoreactivity in less inflammatory 
subpial GMLs often was visible in rod-like microglia (Fig. 3f). Immunoreactivity for TMEM119 
was found in ramified microglia in the NAGM (Fig. 3g), more reactive TMEM119+ microglia 
were present in active subpial GMLs (Fig. 3h) and in rod-like microglia in subpial GMLs (Fig. 
3i). P2RY12 immunoreactivity was clearly present in microglia in NAGM (Fig. 3j), in active 
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subpial GMLs (Fig. 3k) and in (rod-like) microglia in subpial GMLs (Fig. 3l).

TMEM119 and P2RY12 microglial immunoreactivity is decreased in WMLs, but not in 
subpial GMLs and leukocortical GMLs

Semi-automatic quantification of the DAB stained area for MHC-II, Iba-1, TMEM119 and 
P2RY12 was conducted on all lesion types, including leukocortical (type 1) lesions. The type 
1 lesions were added to the analysis to exclude that the differences in immunoreactivity found 
between GMLs and WMLs were either due to location, or due to time of lesion development. 
Analysis of MHC-II immunoreactivity revealed a significant difference between all lesion types 
(Fig. 4a, X2(6) = 49.459, p < 0.01). MHC-II immunoreactivity was significant between NAWM 
and NAGM (p < 0.05) and NAWM and active WML (p < 0.05, Fig. 4a). Iba-1 immunoreactivity 
was also significantly different between all lesion types (Fig. 4b, X2(6) = 21.202, p < 0.01). 
Post-hoc testing revealed a significant difference in immunoreactivity between chronic-active 
WMLs and active WMLs (Fig. 4b, p < 0.05), likely reflecting the decrease in cell numbers 
observed in chronic-active WMLs compared to NAWM and active WMLs. TMEM119 
immunoreactivity showed significant differences between lesion types (Fig. 4c, X2(6)= 42.728, 
p < 0.01). Post-hoc testing revealed a significant decrease in active WMLs (p < 0.01), chronic-
active WMLs (p < 0.01) and leukocortical WMLs (p < 0.01) compared to NAWM. Similarly to 
TMEM119, P2RY12 immunoreactivity showed significant differences between lesion types 
(X2(6) = 31.705, p < 0.01) primarily driven by differences between NAWM and active WMLs (p 
< 0.01), and chronic-active WMLs (p < 0.05).

Figure 3: Representative images of MHC-II (a, b, c), Iba-1 (d, e, f), TMEM119 (g, h, i) and P2RY12 (i, k 
,l) immunoreactivity in NAGM, active subpial GMLs and non-active subpial GMLs. Arrows indicate rod-
shaped microglia visible in subpial GMLs in Iba-1+ cells (f), TMEM119 + cells (i) and P2RY12+ cells (l). 
Scalebar= 50 µm.
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Figure 4: Boxplot of semi-automatic quantifi cation of the of the DAB stained area as percent- age of the 
ROI. in the demyelinated center of lesions compared to normal appearing matter. Boxplots represent the 
mean, the 1st and 4th quartile and the minimum and maximum value. Post-hoc testing was done between 
WM groups and between GM groups. N= 15 for NAWM, N=10 for active WML, N=7 for chronic-active 
WML, N=5 for leuko WML, N= 16 for NAGM, N=8 for subpial GML, N=5 for leuko GML. = p=0.07, * = 
p<0.05, **=p<0.01, ***=p<0.001.

TMEM119 and P2RY12 immunoreactivity in the rim of active subpial GMLs and the rim 
of active WMLs appeared similar

MHC-II + cells and Iba1+ cells were present in the rim of active WMLs, chronic-active WMLs 
and active subpial GMLs (Fig. 5a-f). Even though immunoreactivity for TMEM119 was absent 
in the center of active WMLs (Fig. 2h), TMEM119 + cells were visible at the edge of active 
WMLs and active subpial GML, but not in the rim of chronic-active WMLs (Fig. 5g-i). P2RY12+

cells were absent along the rim of active WMLs but present in the rim of chronic-active WMLs 
(Fig. 5j-k), where immunoreactivity for P2RY12 was also visible in the center of the lesion 
(Fig. 2l). Similar to the edge of active WMLs, P2RY12+ cells were absent in the edge of active 
subpial GMLs (Fig. 5l).
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Figure 5: Representative images of immunoreactivity for MHC-II (a, b, c), Iba-1 (d, e, f), TMEM119 (g, h, 
i) and P2RY11 (j, k, l) along the rim of various lesion types. Scalebar (a-l) = 50 µm.

Regulation of TMEM119 and P2RY12 expression by pro- or anti-inflammatory mediators 
in primary human microglia

To determine whether the differences in microglial TMEM119 and P2RY12 immunoreactivity 
between WMLs and GMLs were due to differences in microglial responsiveness, we isolated 
primary human microglia from WM (corpus callosum) and GM (cortex) tissue obtained 
at autopsy and treated those with IFNγ+LPS or IL-4 as representatives of a pro- or anti-
inflammatory stimulus, respectively. Seven out of twelve patients from which microglia were 
isolated were diagnosed with MS (Table 1). The mRNA levels observed of various genes 
expressed in microglia of these patients did not differ from that of the five patients with other 
diagnoses (data not shown). The levels of TMEM119 and P2RY12 mRNA did not differ between 
untreated microglia derived from WM or GM. When treated with IFNγ+LPS or IL-4, primary 
human microglia derived from WM and GM showed upregulation of P2RY12 expression (WM: 
X2 = 10.9, df = 2, p < 0.01; GM: X2 = 12, df = 2, p <0.01) while TMEM119 mRNA levels were 
only regulated in microglia derived from the WM (X2 = 7.8, df = 2, p < 0.05). Post-hoc testing 
revealed that TMEM119 mRNA was reduced after IL-4 treatment in WM-derived microglia (p 
< 0.05) (Fig. 6). P2RY12 mRNA level was attenuated after treatment with IFNγ+LPS in both 
WM- and GM-derived microglia (WM: p < 0.05, GM: p < 0.05), while after IL-4 treatment, 
P2RY12 expression was enhanced in the GM only (p < 0.05) (Fig. 6). However, it must 
be noted that variation in P2RY12 and TMEM119 mRNA levels was high in all conditions 
studied (see Fig. 6). Expression of AIF-1 (gene for Iba-1) did not differ between WM and 
GM derived microglia (Additional file 1: Figure S3). In addition our microglial cultures were 
not contaminated with astrocytes as shown by the lack of amplification of GFAP (Additional 
file 1: Figure S3). Microglia derived from both WM and GM showed downregulation of the 
anti-inflammatory marker mannose receptor (MRC) after treatment with IFNγ+LPS and up-
regulation of the pro-inflammatory marker interleukin (IL)-1 whereas treatment with IL-4 did 
not affect these markers [10, 14, 17] (Additional file 1: Figure S3).
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Figure 6: Graphs of TMEM119 and P2RY12 mRNA levels in cultured primary human microglia derived 
from WM enriched areas or GM enriched areas treated with IFNγ+LPS, with IL-4 compared to untreated 
WM microglia. mRNA levels from GM derived cells are represented in the grey-coloured box. Data are 
presented as individual patient-derived microglia measurements and means (bars). N=10 for all WM-
derived microglia conditions, N=7 for IL-4 treated GM-derived microglia N=8 for IFNγ+LPS treated GM-
derived microglia and N=9 for untreated GM-derived microglia. * = p<0.05

WMLs feature more infi ltrated lymphocytes and lymphocyte-secreted cytokines than 
subpial GMLs

Based on the observed regulation of TMEM119 and P2RY12 in microglia by IFNγ+LPS and 
IL-4, we studied the presence of lymphocytes that can produce IFNγ or IL-4 in WMLs and 
GMLs. A cell count of CD3+ (T-cells), CD20+ (B-cells), IL-4+ and IFNγ+ cells was conducted 
in WMLs, GMLs, NAWM and NAGM (Table 4). All immunohistochemical markers showed 
signifi cance at the group level (CD3: X2 = 37.06, p < 0.0001; CD20: X2 = 11.26, p < 0.05; 
IL-4: X2 = 27.13, p < 0.0001; IFNγ: X2 = 21.78, p < 0.0002). Subsequent post-hoc analysis 
revealed that active WMLs had more CD3+ (p < 0.01) and IFNγ + (p < 0.05) cells compared 
to NAWM while chronic-active WMLs presented with more CD3+ (p < 0.01) and IL-4+ cells (p 
< 0.05) (Fig. 7, Table 4). Although CD20+ cell counts were signifi cantly diff erent at the group 
level in the Kruskal-Wallis test pairwise comparisons, there was no signifi cant diff erence 
between groups. When comparing immunoreactivity present in GMLs versus NAGM, no 
diff erences were found. In addition, we studied whether the absence or presence of CD3+

and CD20+ cells in the meninges close to the subpial GMLs is of relevance for TMEM119 
and P2RY12 immunoreactivity in subpial GMLs. We observed that TMEM119 and P2RY12 
immunoreactivity in subpial GMLs was present irrespective of lymphocytes being present in 
meninges close to the lesions (Fig. 8).
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Table 4: Distribution of CD3(+), CD20(+), IL-4(+) and IFNγ (+) cells/mm2 in MS brain tissue

NAWM Active WML Chronic-active 
WML

NAGM Subpial GML

CD3 2.0 ± 1.0 45.6 ± 
14.5**

19.4 ± 4.2** 0.2 ± 0.1 0.7 ± 0.4

CD20 1.1 ± 0.4 4.3 ± 2.5 2.1 ± 0.6 0.4 ± 0.2 0.5 ± 0.3

IL-4 0.5 ± 0.4 1.1 ± 1.1 2.3 ± 0.6* 0.0 ± 0.0 0.0 ± 0.0

IFN-γ 0.2 ± 0.1 5.7 ± 2.8* 1.1 ± 0.5 0.0 ± 0.0 0.0 ± 0.0

Counts of CD3, CD20 and IL-4 (+) and IFNγ (+) cells in 
the NAWM (N=18), active WMLs (N=10), chronic-active 
WMLs (N=7), NAGM (N=15), subpial GMLs (N=9). Data is 
presented as mean +/- SEM. * = p <0.05, ** < p <0.01.

Figure 7: Representative images of IFNγ and IL-4 immunoreactivity in active (a, b) and chronic-active 
WMLs (c, d), an active subpial GML (e, f) and subpial GMLs (g, h). Scale- bar (a-h) = 50 µm.

Discussion

The present study is the first to identify that in postmortem material for MS patients, 
immunoreactivity for TMEM119 and P2RY12 in MS GMLs is different to that in WMLs. The 
level of TMEM119 and P2RY12 immunoreactivity hardly changes in GMLs compared to 
NAGM whereas clearly less immunoreactivity of both homeostatic markers was observed in 
WMLs compared to NAWM. Our subsequent in vitro observations of human microglia showed 
that TMEM119 and P2RY12 mRNA from WM and GM microglia is regulated by IFNγ+LPS 
and IL-4. Subsequent analysis of lymphocyte infiltration, and IFNγ and IL-4 immunoreactivity 
in lesions revealed lower presence of lymphocytes in GMLs than in WMLs coinciding with 
less IFNγ and IL-4 immunoreactivity in GMLs. We conclude that the observed difference in 
immunoreactivity for TMEM119 and P2RY12 in GMLs and WMLs could be due to the absence 
or presence of lymphocytes and inflammatory mediators in the parenchyma.

Recently, TMEM119 and P2RY12 expression in the brain is considered to represent microglia, 
maintaining homeostasis of the CNS [10, 11, 31]. Contrary to Iba-1 and MHC-II, TMEM119 
and P2RY12 are exclusively expressed by microglia and not by infiltrated macrophages 
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[10, 11, 16].  Therefore, in this study we utilized TMEM119 and P2RY12 expression to study 
microglia in WMLs and GMLs compared to normal appearing matter. Whereas we observed 
that in (active) WMLs, TMEM119 and P2RY12 immunoreactivity is largely absent compared to 
NAWM, which is in line with previous findings [15, 16], we now show that the level of TMEM119 
and P2RY12 immunoreactivity is not affected in GMLs compared to NAGM. To exclude the 
possibility that this difference is due to distant locations of the lesions (cortical GM compared 
to more inflammatory WM) or due to time of development of the lesions (e.g. GML develop 
earlier on in the disease and are therefore less inflammatory), we verified and confirmed 
that in leukocortical (type 1) lesions, encompassing both WML and GML, this difference in 
TMEM119 and P2RY12 immunoreactivity is also present. In addition, pre-active lesions in the 
white matter show immunoreactivity for TMEM119 and P2RY12.

Whereas in the center of active WMLs TMEM119 and P2RY12 immunoreactivity is absent, 
TMEM119+ microglia are visible surrounding the lesion, and both TMEM119+ and P2RY12+ 

microglia are visible in the rim of chronic-active WMLs. These findings correspond with 
previous observations that also showed microglial TMEM119 and P2RY12 immunoreactivity 
along the edge of (chronic-)active WMLs [14, 16]. Of interest is that in a subpial GML with 
a clear rim of MHC-II+ microglial cells, we observed that these microglia are TMEM119+ but 
not P2RY12+. This observation was similar to what was seen in the edge of active WMLs. 
However, immunologically active GMLs are rarely found in post-mortem MS brain material and 
are mostly represented by leukocortical lesions [22]. Therefore, although we cannot conclude 
that inflammation as seen in WMLs is present in GMLs during ongoing MS, our data suggest 
that the status and possible role of microglia along the edge of demyelinating lesions might 
be similar in active WMLs and active GMLs. In addition, we found that in subpial GMLs, rod-
shaped microglia were present which were TMEM119+ and P2RY12+. Rod-shaped microglia 
have been proposed to play a role in synaptic stripping, representing neurodegeneration 
which is not necessarily mediated by inflammation [32, 33], but is present in various 
neurodegenerative diseases [34]. The presence of rod-shaped microglia in GMLs suggests 
that these cells are responsive irrespective of the relative absence of lymphocytes, and low 
MHC-II immunoreactivity. We subsequently questioned whether this different expression of 
TMEM119 and P2RY12 of microglia in the center of GMLs versus WMLs could be explained 
by intrinsic differences in responsivity of WM and GM derived microglia. Indeed, P2RY12 
mRNA is reduced by IFNγ+LPS in microglia from WM and GM. While studying WM-derived 
microglia, others have shown similar results upon IFN+LPS treatment, but also increased 
expression upon IL-4 treatment which we observed to be significantly altered in GM-derived 
microglia only [14, 17]. As we are not aware of any other observations on TMEM119 regulation 
in human microglia in vitro, we are the first to find that IL-4 treatment significantly reduced 
its mRNA level in WM-derived microglia. Moreover, there is a clear tendency that IFNγ+LPS 
reduces TMEM119 expression in microglia from both origins. Therefore, it seems that, in 
general, microglia derived from human WM or GM can change expression of TMEM119 or 
P2RY12 upon exposure to inflammatory mediators, although not entirely in a similar fashion.

Based on these in vitro observations, we next explored the possibility that the presence of IL-4 
and IFNγ immunoreactivity varies between GMLs and WMLs, which would affect microglial 
expression of TMEM119 and P2RY12 in both lesion types. As shown in active WMLs, 
more IFNγ+ cells were found compared to the other lesion subtypes or normal-appearing 
matter while in chronic-active WMLs more IL-4+ cells were observed, but in GMLs no IL-4 
or IFNγ positive cells were found. This observation is in line with our observed increased 
infiltration of CD3+ T-cells and CD20+ B-cells in WMLs which were relatively absent in subpial 
GMLs similar to as was shown before [21, 22]. Even in subpial GMLs close to meninges 
containing infiltrated CD3+ and CD20+ cells, we did not observe a difference in the level of 
immunoreactivity for TMEM119 and P2RY12. This indicates that, although recent evidence 
points to a role for meningeal infiltration in neuronal loss and glial activation status in MS 
cortex [5], microglial homeostatic status as indicated by expression of TMEM119 and P2RY12 
in demyelinated subpial GM is not altered by the presence of meningeal lymphocytes and still 
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ongoing meningeal inflammation.

The observation that P2RY12 and TMEM119 immunoreactivity is downregulated in MS 
WMLs and not in GMLs raises the question as to whether that has functional consequences. 
The ligand for P2RY12 is Adenosine diphosphate (ADP) [17] and it has been proposed that 
P2RY12 is involved in microglial process motility in the response of the CNS to injury [35] 
and upon damage to the blood-brain barrier [36]. Downregulation of P2RY12 would suggest 
down-tuning of microglial involvement in injury-related processes. TMEM119 was originally 
reported to be expressed in the plasma membrane of mouse osteoblasts and later found to be 
expressed in human bone tissue, dendritic cells and lymphoid tissues [15]. The presence of 
TMEM119 in osteosarcoma cells is related to cell invasion and migration [37], yet its function 
in microglia remains unknown. The recent development of microglia specific TMEM119 knock-
in and CreERT2 mice [38] will be a useful tool to gain more knowledge on the functional role 
of TMEM119.

Thus, in conclusion, these data suggest that the continued presence of TMEM119 and P2RY12 
immunoreactivity in subpial GMLs could reflect the absence of IL4 and IFNγ and low presence 
of infiltrating lymphocytes in the lesion parenchyma (and not meninges) compared to WMLs. 
However, in subpial GMLs, where lymphocytes are absent from the lesion parenchyma and 
TMEM119 and P2RY12 immunoreactivity is therefore still present, TMEM119 and P2RY12 
immunoreactivity is observed in rod-like microglia, showing a response of homeostatic 
microglia to demyelination in these lesions. Furthermore, immunoreactivity for TMEM119 and 
P2RY12 is observed in preactive lesions in the NAWM as well as along the edge of active 
WMLs and GML. Though it is plausible that differences in microglial response in WMLs and 
GMLs could be due to a difference in time of lesion development, analysis of TMEM119 and 
P2RY12 immunoreactivity in leukocortical lesions spanning both WM and GM reveal a similar 
pattern of immunoreactivity as WMLs and subpial GMLs. It is therefore plausible that blocking 
the entrance of lymphocytes into the CNS of MS patients may not interfere with all possible 
effects of microglia in both WMLs and GMLs.

Boekje_271221.indd   89Boekje_271221.indd   89 4-1-2022   12:22:104-1-2022   12:22:10



90

Supplementary data

Supplementary Figure 1: A) In type I (leukocortical) lesions, demyelination is present indicated by loss of 
PLP in connected WM and GM areas (a). MHC-II + cells are more abundant in the WM-part of the lesion 
compared to the GM-part of the lesion (b). Dashed lines indicate the edge of the lesion and the border 
between WM and GM. Representative images of immunoreactivity for MHC-II, Iba-1, TMEM119 ,and 
P2RY12 in the WM demyelinated (c, d, e, f) and GM demyelinated areas (g, h, i, j) of type I (leukocortical) 
lesions. Scalebars (a-b and c-j) = 50 µm. Scalebar (a,b and c-j)= 100 µm.

Supplementary Figure 2: TMEM119 and P2RY12 immunoreactivity shows complete overlap with Iba-1 
immunoreactivity in the normal appearing GM (a-b) and WM (c-d). Scalebar = 50 µm.
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Supplementary Figure 3: Validation of culture of primary human microglia derived from WM (left) and 
GM (right). WM and GM derived microglia show similar AIF-1 mRNA levels and no amplifi cation of GFAP 
mRNA was foun indicating that microglial cultures were not contaminated with astrocytes (a). In addition, 
similar expression and regulation of MRC (b) and IL-1 mRNA (c) is found in WM and GM derived primary 
human microglia indicating that WM and GM derived microglia do not diff er in their response to IFN+LPS 
and IL-4. Data presented as individual patient-derived microglia measurements and the mean (bars). 
N=10 for all WM-derived microglia conditions, N=7 for IL-4 treated GM-derived microglia N=8 for IFN+LPS 
treated GM-derived microglia and N=9 for untreated GM-derived microglia.
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Introduction

Astrocytes are the most abundant glial cells present in the central nervous system (CNS), 
providing trophic and metabolic support to neurons, and responding to tissue damage and 
inflammatory events contributing to homeostasis and repair, respectively [1, 2]. This support of 
astrocytes for neurons is proposed to also extend to the mechanical properties of astrocytes. 
Astrocytes may act as a soft embedding for neurons, which have been shown to prefer a 
soft substrate rather than a stiff substrate as indicated by increased branching of neurons 
grown on soft substrates compared to stiffer substrates [3, 4]. Accurate measurements of 
the mechanical properties of glial cells under various conditions might thus reveal relevant 
information for a better understanding of the role that this kind of cells plays in the central 
nervous system (CNS). It is of importance to differentiate between white-matter (WM) derived 
and grey-matter (GM) derived astrocytes, something which previous biomechanical research 
has not focused on [5-11] as it is known that astrocytes from both regions can differ in their 
morphological and biochemical makeup [12-14] which may also affect their biomechanical 
properties. For instance, in certain neuro-inflammatory diseases, the responsiveness of glial 
cells differs between WM and GM (e.g., multiple sclerosis and optic neuritis), or astrocyte 
dysfunction is only present in WM (e.g., vanishing WM diseases). Moreover, regeneration of 
demyelinated MS lesions is more efficient in GM than WM [15] which is probably mediated by 
local astrocytes [16].

Astrocyte responsiveness to inflammatory stimuli resulting in e.g. migration or differentiation 
is associated with changes in the arrangement of cytoskeletal proteins, such as F-actin or 
Vimentin [17, 18]. Recent observations have shown that during rat brain development, the 
stiffness of astrocytes correlates to cytoskeletal maturation [9]. As WM and GM were found 
to have different mechanical properties at the tissue level [19-23], it is still unknown whether 
this difference is also evident at the cell level. The aim of the present study is to determine the 
biomechanical properties of astrocytes derived from WM-and GM-enriched brain areas in the 
absence or presence of the bacterial endotoxin lipopolysaccharide (LPS).

To this end, we have designed an experiment that could identify whether astrocytes derived 
from WM and GM present different viscoelastic features. The results reported here show that 
WM-derived astrocytes are softer than GM-derived astrocytes where fluorescence intensity 
of Vimentin of WM-derived astrocytes is lower. However, when treated with LPS, WM-derived 
astrocytes preserve their mechanical features, whereas GM-derived astrocytes become 
significantly softer. Interestingly, immunofluorescent stainings show that treatment with LPS 
led to a higher increase in fluorescence intensity of Vimentin for WM-derived astrocytes and 
the rearrangement of F-actin stress fibers of GM-derived astrocytes but not in WM-derived 
astrocytes. Our results suggest that the mechanical response of astrocytes to an inflammatory 
stimulus, e.g. LPS, is region dependent and associated with cytoskeletal rearrangement– a 
phenomenon that may contribute to the understanding of astrocyte responses observed in 
WM and GM brain areas under inflammatory conditions.

Methods

Culture of rat mixed glial cells

Steps in cell culturing protocols often deviate in parameters such as medium composition, 
culture plate coating, sub culturing and days in vitro (DIV) [24], and are known to influence 
gene and receptor expression, and morphology [25, 26]. Differences are also known to exist 
between postnatal and adult astrocyte cultures [27, 28]. In addition, we propose that growing 
astrocytes together with microglia more accurately reflect the in vivo situation. Therefore, we 
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decided to use primary rat adult mixed glial cultures derived from either enriched WM or GM 
regions as these might prove a better model for the in vivo situation.

Animal studies were approved by the VU University Medical Center committee on Animal 
Experimentation (approval number AVD1120020171784), and carried out in strict accordance 
with their guidelines. Adult Wistar rats were sacrificed after which the brains were removed 
and collected in ice cold Hanks Balanced Saline Solution (HBSS) containing 0.6% glucose 
and kept on ice. For each glial cell isolation (N = 8) two or three rat brains were used. From 
these brains the brainstem was dissected as a WM enriched area and the cortex as a GM 
enriched area to isolate glial cells from. The isolated areas were chopped and trypsinized in 
0.25% trypsin (Sigma) with 1.25 µg/ml DNA-se (Sigma) in HBSS for 30 minutes at 37◦C with 
the tube continuously rotating. After incubation, culture medium consisting of equal amounts 
of Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Life Technologies) and Ham’s F10 
nutrient mix (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (Gibco, 
Life Technologies), 1% Penicillin/Streptomycin (Invitrogen) and 1% L-glutamine (Invitrogen) 
was added to de-activate the trypsin. The tissue was further homogenized by mechanical 
dissociation using increasingly smaller pipettes. Subsequently, the homogenate was filtered 
through a 70 µm mesh. After filtration, the cell the suspension was centrifuged at 1200 rpm for 
7 minutes at 4◦C. The supernatant was removed and the cell pellet was washed three times in 
culture medium. Cells were suspended in 4.8 ml (when two rat brains were used for culture) 
or 7.2 ml (when 3 rat brains were used for culture) of culture medium per brain area. 450 µl of 
cell suspension was plated per Ibidi µ-dish (35 mm diameter) coated with poly-L-lysin (15 µg/
mm2 PLL, Sigma). In order to settle the cells, the dishes were left in the incubator for one hour 
before 1 ml of fresh culture medium was added to the cell suspension in each dish. Culture 
medium was changed the day after and thereafter every 3 days. Cells were kept in culture 
for 7 days before being treated with 100 ng/ml lipopolysaccharide (LPS derived from E.coli 
O55:B5, Difco) in phenol-free DMEM (Gibco, Life Technologies, Breda) supplemented with 
10% FCS, 1% L-glutamine and 1% Penicillin/Streptomycin) for either 24 hours or 48 hours 
or left untreated as a control. In addition, 500 µl suspension of primary glial cells was plated 
on poly-L-lysin coated ACLAR plastic coverslips in a 24 well plate using the same culture and 
treatment protocol as described above.

Figure 1: Ferrule-top indentation setup for live single cell measurements. A) Schematic drawing of the 
setup. The indentation probe is connected to an indentation control system, which is mounted on a 
vibration isolation table. The inverted microscope is used to image cells in a Petri dish, which is perfused 
with carbonated medium. The setup is enclosed with an acoustic isolation box where temperature is set to 
37◦C. B) Probe design: the extended tip is attached to a cantilever, the optical fiber is used to read out the 
change in gap size between the fiber tip and the cantilever through an interference signal. C) An extended 
tip with sphere of R = 8.5 µm is used for contact with the cell. D) The view from an inverted microscope is 

Boekje_271221.indd   97Boekje_271221.indd   97 4-1-2022   12:22:114-1-2022   12:22:11



98

used to position the sphere (dashed red circle) above the cell.

Indentation setup and protocol

The mechanical properties of astrocytes have been previously investigated by means of 
various measurement techniques, including atomic force microscopy (AFM) [5-9], magnetic 
tweezers [10], and optical tweezers [11]. The results reported, however, were not consistent 
with each other. Part of this disagreement might be due to differences in the culturing protocols 
as they are known to influence astrocyte morphology and function [25-29]. Yet, more often 
than not, the origin of the discrepancy between two different experiments has to be searched 
in the measurement method. For example, it has been shown that astrocytes behave like 
nonlinear viscoelastic materials [10, 11, 30]. Therefore, studies that rely on purely elastic 
models, without considering how the mechanical response of an astrocyte varies when the 
values of indentation speed and indentation depth change, may be difficult to compare to 
more complete viscoelastic measurements. Furthermore, cells are highly heterogeneous. 
Therefore, it is expected that the mechanical properties measured on the site of the nucleus 
differ with respect to those measured on the cytoplasm, as already observed before [7]. It is 
thus not surprising that the results obtained in studies that focused on one specific region of 
the cell differ from those obtained by studies focused on another cellular region.

Figure 2: Static (A, B) and dynamic (C, D) indentation profiles for mechanical characterization of 
astrocytes. A) Piezo-controlled static indentation profile used to map Young’s modulus. Indentation 
depth is calculated by subtracting cantilever bending from piezo displacement. B) Hertz model used to 
fit raw load-indentation curve (fit is depicted in red). C) Dynamic indentation-depth controlled profile with 
frequency sweep between 1-10 Hz with 0.2 µm amplitude. D) Raw signal of load-indentation data of 5 
oscillations at 10 Hz is fitted to cosine function (fit is depicted in red).

To demonstrate the importance of nonlinearity and heterogeneity, we adapted a dynamic 
depth-controlled indentation device, previously used to characterize brain tissue [31], to collect 
depth-dependent local viscoelastic properties of single astrocytes. Fig. 1A shows a schematic 
view of the experimental setup (see [31] for details). The indentation control system consists of 
an XYZ manipulator (PatchStar, Scientifica), a vertical piezoelectric transducer (PI p-603.35L, 
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Physik Instrumente), and a cantilever-based force sensor (Optics11) equipped with an ex- 
tended sphere on its free hanging end (Fig 1B, C) and with an optical fiber interferometric 
readout (OP1550, Optics11), which is used to measure the force that the sphere exerts when 
it is pushed against the sample during the indentation stroke. Two force sensors with spring 
constants of 0.28 N/m and 0.34 N/m, and sphere radii of 8.5 µm and 9 µm (calibrated by 
the manufacturer) were used for the experiments. An inverted microscope (Zeiss Axiovert 
25, Carl Zeiss Inc.), equipped with a 20x magnification objective and a CCD camera (DMK 
41BU02, The Imaging Source), al- lows the user to obtain microscope images of the cell 
culture. The setup is mounted on a vibration isolation table (TMC) and covered with a custom-
made acoustic isolation box, where a temperature control system maintains the temperature 
constant at 37◦C. The Petri dish containing the cells is mounted on a holder (MLS203P2, 
Thorlabs) that can be horizontally moved with two motorized actuators (Z825B, Thorlabs), 
and, during the experiment, is perfused with carbonated (95% O2/5% CO2) medium at 0.5 ml/
min flow rate (gear pump MCP-Z standard, Ismatec).The setup can be used in both static and 
dynamic mode (see Hoorn et al., 2016b for details). Indentation mapping is performed in static 
mode due to its shorter in- dentation time (~1s per indentation) in comparison to dynamic 
mode (~25s per indentation).

The setup can be used in both static and dynamic mode (see [32] for details). Indentation 
mapping is performed in static mode due to its shorter indentation time (1s per indentation) 
in comparison to dynamic mode (25s per indentation). In static indentation mode (see Fig 2A 
and B), the vertical piezoelectric transducer is moved at a constant speed of 30 µm/s until 
the load exerted by the sphere via the cantilever reaches a threshold of 0.13 µN. The data 
collected can then be analyzed with the Hertz model [33] by fitting the load-indentation curve: 
, where F is the load exerted by the cantilever, E and ν are the elastic Young’s modulus and 
the Poisson’s ratio of the sample (0.5 is used, assuming cells are incompressible) h is the 
indentation depth, and R is the radius of the spherical indenter.

In dynamic mode (see Fig 2C and D), the vertical piezoelectric transducer is moved at a 
constant speed of 10 µm/s until the surface of the cell is detected by setting the threshold 
load to ~11-20 nN. The feedback loop is then turned on to adjust the piezoelectric transducer 
in order to control indentation-depth [32]. The indentation depth of 1 µm is reached at an 
indentation speed of 1 µm/s. Indentation depth is then kept constant for 5s to allow the material 
to relax, which is followed by sinusoidal frequency sweeps that range between 1 Hz and 10 
Hz with set amplitude of 0.2 µm. The use of the threshold load for the detection of the surface 
of the cell results in indentation depth of 2 µm which corresponds to a mean strain of ~10% , 

estimated according to equation

The maximum load varies in the range of 10-100 nN, depending on the stiffness of the cell. 
The data obtained during the oscillatory stimuli can then be analyzed by calculating storage E’ 
, loss E’’ moduli and damping factor tan(δ) [32, 34]:

                                          

where ω is the oscillation frequency, F0 is the amplitude of the oscillatory load (as inferred from 
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the motion of the cantilever), h0 is the amplitude of the oscillatory indentation depth, δ is the 
phase-shift between oscillations of indentation and load, and A = πa2 is the contact area where 
a = √hR is the contact radius.

The thickness of the cells above the nuclear region was on average 5.4 ± 2 µm (n=41), which 
was measured by tracking the contact position above the cell and substrate. Therefore, the 
Hertz model assumption of an infinite thickness sample is violated (hthickness<0.1), resulting 
in an overestimation of the elastic modulus. However, larger sphere radius and indentation 
depth (and thus contact area) was preferred to minimize effects of indenting a rough surface 
which was previously reported to be as high as 0.5 µm [8, 35, 36]. The influence of the cell 
thickness will be considered during the interpretation of the data.

Before starting the measurements, we also characterized the mechanical properties of 
the substrate and used those results to set the conditions to reject indentation data where 
measurements are strongly influenced by substrate mechanics such as in a very thin cells or 
thin parts of the cell. Static indentations on the substrate yielded a stiffness of 82±29 kPa and 
a maximum indentation depth up to 0.6 µm. Cell data where the maximum indentation depth 
did not reach 0.7 µm were therefore removed from the analysis, as they likely corresponded 
to an indentation stroke on the substrate or on extremely thin parts of the cytoplasm. Dynamic 
indentations were also performed on the substrate where the storage modulus was found to 
be 72±15 kPa at 1 Hz. Furthermore, the feedback loop was not able to maintain a constant 
oscillation amplitude at higher frequencies due to high stiffness of the substrate and, thus, 
resulted in a decreasing storage modulus with increasing frequency (Suppl. Fig 2 B), while 
measuring on cells storage modulus increases with the frequency (Suppl. Fig. 2 A). Similar 
behavior to measurements on substrate or nonlinear oscillations were observed when 
measuring on thin parts of the cytoplasm (Suppl. Fig. 2 C, D) and, thus, used as the criteria 
to remove the data on the assumption that it indicates the measurement of the substrate. All 
experiments were done within 3 hours after taking the Petri dish out of the incubator.

Table 1: Antibodies used for sequential immunocytochemistry

Immunocytochemistry

The rat mixed glial cultures contained both astrocytes and microglia. We prefer using these 
co-cultures, even when studying a single glial cell type, as it is known that glial cells interact, 
determining the outcome of their response [37]. To be able to establish the astrocyte identity 
in the culture dish of the cells that had been indented, cells were imaged and their location 
noted by using Ibidi µ-dishes with an imprinted grid of 500 µm repetition distance, which was 
labeled from A to U and from 1 to 20. Immediately after indentation, cells were fixed in 4% 
paraformaldehyde (PFA) for 20 minutes.

Afterwards cells were washed 3 times in 50 mM Tris buffered saline (TBS, pH = 7.6) and stored 
in TBS at 4◦C until further use. Cells were stained using sequential immunocytochemistry 
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as follows: cells were incubated in 1% H2O2 in TBS for 15 minutes to block endogenous 
peroxidase activity. Subsequently, cells were washed in TBS and incubated for 30 minutes 
in block buffer consisting of 5% donkey serum in TBS + 0.5% Triton-X. After this block step, 
cells were incubated with the goat anti Iba-1 antibody (see Table 1) in 5% donkey serum in 
TBS overnight at 4◦C. After incubation with the primary antibody, cells were washed in TBS 
and incubated with ImmPRESS anti-Goat IgG Alkaline Phosphatase polymer detection kit 
(Vectorlabs) for 30 minutes at room temperature(RT). Subsequently, cells were washed and 
stained with Liquid Permanent Red (DAKO) to visualize Iba-1 positive microglia. After Iba-1 
immunoreactivity was apparent, cells were washed in TBS and incubated with the rabbit anti 
GFAP antibody (see Table 1 in 5% donkey serum in TBS for 1 hour at RT. After incubation, 
cells were washed in TBS and incubated in HRP Envision kit for rabbit (Agilent) for 30 minutes 
at RT. Subsequently cells were washed in TBS and GFAP positive astrocytes were visualized 
using 3,3-diaminobenzidine (DAB, Sigma) supplemented with Imidazole. Afterwards, cells 
were counterstained using hematoxylin for 1 minute at RT and were stored in TBS at 4◦C. 
Indented cells were localized by using grid location, and pictures taken during indentation and 
their cellular identity determined after staining. Indentation data from cells that could not be 
identified as GFAP positive astrocytes were omitted from the analysis.

In order to visualize the effect of LPS treatment on cytoskeletal proteins F-actin (rho-damine 
phalloidine) and Vimentin, fluorescent immunocytochemistry was employed on glial cells grown 
on ACLAR coverslips. In short, glial cells were fixed in 4% PFA for 20 minutes before being 
blocked with 10% donkey serum in TBS with 0.1% Triton-X. Primary antibodies (see Table 1) 
were diluted in 2% donkey serum in TBS with 0.01% Triton-X and the cells were incubated for 
1 hour at room temperature. Subsequently, the cells were incubated with the corresponding 
fluorophore labeled secondary antibodies in 2% donkey serum in TBS with 0.01% Triton-X 
(see Table 1) for 1 hour at RT and counterstained with 4,6-diamidino-2-phenylindole (DAPI). 
Coverslips were mounted on microscope slides using Vectashield hard-set mounting medium 
for fluorescence microscopy.

Image acquisition

Images of 2 coverslips per staining were acquired using a Leica DM5000 microscope or a 
Nikon A1R confocal microscope.

Statistical Analysis

Normality of the data distribution from mechanical measurements was tested with the Shapiro-
Wilk test. In case of normal distributions, statistical differences between two groups were 
investigated with a two-sample t-test. For non-normally distributed data, the Wilcoxon rank 
sum test was used to compare two groups. All statistical analyses were performed with the 
Statistics and Machine Learning Toolbox (version 2017a, The Mathworks, Natick, MA, USA).

Results and Discussion

Mapping mechanical properties of astrocytes

To investigate the mechanical properties of the constitutive parts of the cell, we performed 
high resolution (4 µm) static indentation map of a GM-derived astrocyte (see Fig.3A, B). The 
Young1s modulus values reported in Fig.3B were obtained by fitting the Hertz model to load-
indentation data up to 0.8 µm indentation depth. The map shows that the nuclear part is softer 
than the cytoplasm. As indentation depth is relatively large in comparison to the thickness of 
the cell, the substrate underneath the cell induces a stiffening effect. The height map of an 
astrocyte in Fig.3D shows that the cell is thicker around the nuclear region and thinner towards 
the edges which explains the observation of a much stiffer cytoplasm in comparison to the 
nuclear region. Fig.3C shows corrected Young1s modulus map for a finite-thickness thin-layer 
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sample [38] where the nuclear region seems to be stiffer than the cytoplasm. However, we 
refrain from making this claim because the surface of cytoplasm is tilted which violates the 
assumption of the flat surface.

Figure 3: Measurements of the mechanical properties of astrocytes. (A) Bright-field image of astrocyte 
with approximate static indentation locations identified with black dots (step size 4 µm). The black circle 
depicts the contact area during indentation. (B) Corresponding map of Young’s modulus (Hertz fit up to 
0.8 µm) without and C) with finite-thickness thin-layer sample correction). (D) Corresponding thickness 
map with two cross-sections in dashed lines showing that the nuclear region is the thickest region with a 
gradual decrease in thickness towards the edges of the cytoplasm. (D) Stiffness values across astrocyte 
measured in 2 µm steps from the nucleus to cytoplasm (see indentation points in the inset). The storage 
modulus E at different frequencies is depicted in different colors from blue (lowest curve in dots) for 1 
Hz to yellow (highest curve in dots) at 10 Hz, and compared to Young’s modulus E obtained from static 
indentation measurements (lowest curve in red stars). Both methods, dynamic and static, capture similar 
relative differences. Scale bars 20 µm.

Despite the influence of the substrate, for all of the subsequent measurements, it was decided 
to use larger indentation depths for several reasons: 1) the signal-to-noise ratio is smaller at 
larger indentation depth than when close to contact; 2) to sense the bulk mechanical properties 
of the cells rather than those of individual cytoskeletal elements; 3) larger indentation depths 
ensure better contact area estimation, as the surface roughness of astrocytes, measured with 
the sharp tip has been reported to be in the range of 0.2-0.5 µm [8, 35, 36].

We repeated the measurements in a dynamic mode, limiting the data collection to a single 
line, from nucleus to cytoplasm (see insert of Fig.3E) in order to compare results between 
static and dynamic indentation. Fig.3E shows the storage modulus values obtained at different 
oscillation frequencies (from 1 to 10 Hz, corresponding to an indentation speed of 0.8-8 µm/s), 
along with the Young1s modulus obtained from the loading curve at 1 µm/s indentation speed. 
The curves obtained with the two methods showed similar relative differences in viscoelasticity 
between nuclear and cytoplasmic cellular parts. However, the Young’s modulus is lower than 
the storage modulus at all frequencies. This behavior is most likely due to viscosity (the loss 
modulus at 1 Hz is between 29% and 41% of the storage modulus), which is not included in 
the elastic Hertz model.

Because our measurements showed that astrocytes are heterogeneous and viscoelastic 
material, both indentation depth and frequency, as well as indentation location and thickness, 
should be considered for reliable and reproducible results.

Viscoelastic properties of WM- and GM-derived astrocytes

In order to investigate whether astrocytes have brain region dependent mechanical properties, 
we performed dynamic indentation measurements on nuclei and cytoplasm of both WM-and 
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GM-derived astrocytes. Note that, for the cytoplasm, we always selected a point in close 
proximity to the nucleus, where, because the cell is thicker, the effect of the mechanical 
properties of the substrate was less relevant than on edges. Nevertheless, the geometry of 
measurements on nuclear region differs from the one on the cytoplasm due to its tilted surface 
of the cytoplasm (see Fig.3D). Therefore, the determination whether nucleus or cytoplasm 
is a stiffer cell component would require quantification of the geometry of the cells and finite 
element modeling to obtain corrected Young1s modulus values which were not implemented 
in this study.

Figure 4: The dynamic indentation results of control cultures of WM- and GM- derived astro- cytes without 
finite thickness correction. (A) Scatter plots of storage modulus E of nucleus (in red) and cytoplasm (in 
green) of WM- and GM-derived astrocytes, measured at 10 Hz oscillation frequency. Dark gray error bar 
represents standard deviation (SD) and light gray represents standard error of the mean (SEM). Number 
of independent cultures was 8 for WM- and 7 for GM-derived astrocytes. B) The thickness of nuclear 
region of WM-derived astrocytes is lower than GM-derived astrocytes. C) Storage modulus E and D) 
damping factor tan(δ) as a function of oscillation frequency for nucleus and cytoplasm of WM- and GM-
derived astrocytes (error bar is SEM and it is positively correlated, since the data are not independent). 
Damping factor tan(δ) at 10 Hz was significantly different between nucleus and cytoplasm for both WM- 
and GM-derived astrocytes (p<10−3, p<10−5, respectively).

The dynamic indentation measurements were performed after 7 and 8 days of cell culture. 
When we compared the storage modulus of astrocytes from these two days, we found no 
significant differences and, thus, we merged the data from both days into a single dataset. 
When comparing storage modulus of WM with GM-derived astrocytes, the storage modulus of 
cytoplasm and nucleus was not significantly different (p = 0.75, 0.98). However, the thickness 
of the nuclear region of GM-derived astrocytes was higher than the one of WM-derived 
astrocytes (on average 6.5±0.9 µm and 4.1±1.0µm, respectively, Fig.4 B), meaning that the 
stiffness of the WM-derived astrocytes is affected more by the substrate and, thus, is relatively 
lower than the stiffness of GM-derived astrocytes. As the nuclear region of the cell is relatively 
flat, we estimated a geometrical correction factor for a finite-thickness thin-layer sample [38] 
and found that WM-derived astrocytes are 1.8 times softer than GM-derived astrocytes with 
the correction factors of 4.3 and 2.4, respectively, resulting in the corrected mean values of 
storage modulus 1.5±0.8 kPa for WM- and 2.7±1.6 kPa for GM-derived astrocytes at 10 Hz 
oscillation frequency. Mechanical properties of brain tissue are known to depend on the brain 
region although the relation between individual brain components and mechanical properties 
is still elusive. Whether astrocytes are the stiff or soft brain component should be a topic of 
future studies.

In terms of viscoelastic characterization, only two other studies reported a frequency 
dependence of E. One of them reported values from 0.3 to 0.5 kPa in the frequency range 
of 1-35 Hz when measured on the somata [5] and the other reported values from 0.1 to 0.3 
kPa in the range of 30-200 Hz when measured on the cytoplasm [11]. In comparison, elastic 
measurements reported values of Young1s modulus from 2 to 142 kPa [6-10, 39]. Considering 
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that multiple parameters vary between different studies, such as tip size, amount of strain, 
species and age of animals used, and culturing protocols, our results fit well within the range 
of the reported values.

Viscoelastic differences in WM-and GM-derived astrocytes upon treatment with LPS

The bacterial endotoxin LPS has been widely used to induce glial cell activation in vitro. Both 
microglia and astrocyte cell cultures are known to respond to LPS with morphological changes 
and increased production of inflammatory factors such as cytokines and nitric oxide (NO) [40-
42]. In order to assess whether an astrocytic response to treatment with LPS is dependent 
on the region of origin of cultured astrocytes, we measured both viscoelastic properties and 
cytoskeletal organization. The thickness of astrocytes did not change upon treatment with 
LPS (Suppl. Fig. 1) meaning that relative stiffness differences are not affected by stiffening 
due to a finite thickness. The storage modulus of WM-derived astrocytes, in nucleus and 
cytoplasm, slightly but not significantly increased upon treatment with LPS for 24 or 48 h 
(Fig.5 A, B). In contrast, cytoplasm and nuclei of GM-derived astrocytes significantly softened 
upon treatment with LPS, with a larger reduction in storage modulus at 24 h than 48 h (Fig.5 
C, D). Similar mechanical effects were present at all measured frequencies (see Suppl. Fig. 
2), with slightly larger differences at higher frequencies. Interestingly, tan(δ) did not change 
upon LPS treatment, indicating that even though the storage modulus changes, the ratio 
between energy dissipation and storage in astrocytes is preserved (see Suppl. Fig. 3).

Figure 5: Response of WM- (A, B) and GM-derived (C, D) astrocytes to treatment with LPS for 24 h and 
48 h. (A, B) There are no significant differences in storage modulus E of WM- derived astrocytes upon 
treatment with LPS, both nucleus and cytoplasm (numbers of independent cultures were 5 and 5 for 24 h, 
3 and 4 for 48 h, respectively). (C, D) GM-derived astrocytes significantly soften at 24 h treatment, both 
nuclear and cytoplasmic regions, where the effect is smaller at 48 h (number of independent cultures 
were 4 and 4 for 24 h, 3 and 4 for 48 h, respectively). Dark gray error bar represents SD and light gray 
represents SEM. The thickness of astrocytes did not change upon treatment with LPS (see Suppl. Fig 1). 
Reported results are not corrected for the finite thickness.

It is generally accepted that components of the cytoskeleton, located in the cytoplasm, are 
involved in various mechanical behaviors such as maintaining shape, preserving the integrity 
of cells and regulating their mechanical properties, adhesion, migration, and division [43-
45]. At baseline, as well as after treatment with LPS, we observed no difference in astrocyte 
morphology between WM- and GM-derived astrocytes. To assess, whether specific cytoskeletal 
components are related to changes in mechanical properties of the cytoplasm upon treatment 
with LPS, we performed an analysis of immunocytochemical stainings of F-actin and Vimentin 
in astrocytes with or without LPS treatment for 24 h.
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Figure 6: Representative fluorescent images of F-actin, Vimentin and merged with DAPI 
(nuclear stain) for A) WM- and B) GM-derived astrocyte cultures, control and treated with LPS for 24 h. 
Stainings were repeated on 3 independent cultures. Arrows point to F-actin stress fiber (re)arrangement. 
Scale bar 20 µm. C) Cross sectional (XZ) confocal images of immuocytochemically stained untreated WM 
astrocytes with glass slide positioned at the bottom of the image. Image is the average of 10 XZ images. 
Blue color corresponds to nuclei, green = Vimentin, red = F-actin. Height and width of the left image is 7.5 
and 68.2 µm, and for the right image 6.6 and 60.8 µm.

Analysis of F-actin stress fibers showed that, under control conditions, these were highly 
organized and stretch across the entire cell. GM-derived astrocytes, which have been 
shown to decrease their stiffness after treatment with LPS, seemed to be less organized and 
contained condensed fibers (Fig.6 A, B). This disorganization of F-actin fibers was not present 
in WM-derived astrocytes after treatment with LPS. Staining of Vimentin showed the dense 
organization of intermediate filaments scattered throughout the cytoplasm with no apparent 
changes in the organization between WM- and GM derived astrocytes under control conditions 
and upon treatment with LPS. In terms of fluorescence intensity, F-actin staining of WM- 
and GM-derived astrocytes with and without LPS treatment was similar while fluorescence 
intensity of Vimentin staining appeared higher for GM- than WM-derived astrocytes and even 
higher when treated with LPS for both WM and GM-derived astrocytes. Observations were 
confirmed by quantifying mean gray values of fluorescent stainings (see Suppl. Fig 4).

The viscoelastic properties of the nuclear region of astrocytes followed similar changes upon 
treatment with LPS as the cytoplasm, even though the nucleus is structurally very different. 
Confocal images revealed that the nucleus in cultured astrocytes is situated at the bottom 
of the cell, close to the substrate, with a part of the cytoskeleton network of the cytoplasm 
on top of it (see Fig.6C). It could be that indentation measurements on the nuclear region 
give the combined response of the nucleus and cytoplasm. Therefore, keeping in mind that 
changes in mechanical properties of the nuclear region followed changes in cytoplasm, it 
seems reasonable that the viscoelastic properties of the nuclear region are influenced by the 
arrangement of cytoskeletal proteins of the cytoplasm above it. For future studies we propose 
to apply finite element model analysis to obtain mechanical properties of constitutive parts of 
the cell (e.g. [46]).

Similarly, it has been shown that astrocytes treated with IFN-β for 24 h resulted in a 25% 
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decrease in Young1s modulus and F-actin filaments were less organized [8]. However, 
there are a number of studies where either positive or negative interdependence have been 
demonstrated between mechanical properties and components of the cytoskeleton. For 
example, in retinal glial cells, an increase in Young’s modulus was associated with enhanced 
intermediate filament density (GFAP and Vimentin) after ischemia-reperfusion [47]. In 
contrast, the elastic modulus decreased after mechanical injury of an astrocyte monolayer 
while GFAP immunoreactivity was upregulated [7]. Similarly, injured rat neocortex has 
shown to decrease in stiffness while upregulating GFAP, Vimentin and extracellular matrix 
components [48]. These confounding results can possibly be explained by the fact that glial 
cells are very heterogeneous: glial cells derived from WM and GM differ in e.g. expression of 
GFAP, glutamine synthesase and GLAST and even astrocytes within different cortical regions 
can have different calcium responses when stimulated [49]. In this study we compared WM 
and GM derived astrocytes and highlight that the heterogeneity of astrocytes extends to 
their mechanical response to inflammation. Moreover, this mechanical heterogeneity does 
not correlate with expression of Vimentin as both WMand GM-derived astrocytes show an 
upregulation of Vimentin after treatment with LPS (Suppl. Fig 4), yet GM-derived astrocytes 
become softer and WM-derived astrocytes do not change their mechanical properties. 
Instead, we observed disorganization of F-actin fibers after treatment with LPS in GM-derived 
astrocytes which was not visible in WM-derived astrocytes. We hypothesize that the decreased 
stiffness of GM derived astrocytes after treatment with LPS is an adaptive response, creating 
a protective environment for neurons. In culture, neurons can sense and adapt to mechanical 
cues from their environment, showing increased outgrowth on softer substrates compared to 
stiffer substrates [3, 4]. In addition, mechanical signaling is known to direct axonal outgrowth 
in the developing brain [50]. Thereby, a decrease in stiffness after an inflammatory stimulus 
facilitates neuronal outgrowth and possibly regeneration after tissue damage.

Conclusions

To date, various techniques have been used to measure the mechanical properties of astrocytes, 
resulting in contradictory results. We put forward that the here used dynamic indentation is a 
novel approach to study biomechanical properties of single cells, e.g. astrocytes.

Using dynamic indentation, in this study, we showed that astrocytes derived from WM-
enriched brain areas are softer than astrocytes from GM-enriched areas which coincides with 
fluorescence intensity of Vimentin. Furthermore, we confirmed that the mechanical properties 
of cultured astrocytes are frequency dependent, which underlines the importance of testing 
astrocytes in a dynamic mode rather than in a static mode. Finally, astrocytes derived from 
WM- and GM-enriched brain areas differ in their mechanical response to LPS. GM-derived 
astrocytes soften upon treatment with LPS while WM-derived astrocytes do not show a 
significant mechanical change. These observations are in line with a rearrangement of F-actin 
fibers only in LPS-treated GM-derived astrocytes. This flexibility of GM-derived astrocytes in 
biomechanical properties may be relevant for the observed better regeneration of GM areas 
than WM areas of the brain [15].
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Supplementary Figures

Supplementary Figure 1: The thickness of astrocytes derived from WM and 
GM brain regions under control conditions or after treatment with LPS for 24 
h. The white dot indicates the median value, the thick black vertical bar is 25th 
and 75th percentiles, the thin vertical bar spans from minimum to maximum 
values and the horizontal bar is the mean value of the sample data.

Supplementary Figure 2: The response of WM- and GM-derived astrocytes 
to treatment with LPS for 24 h (A, C) and 48 h (B, D). The averaged damping 
factor tan(δ) plotted as a function of oscillation frequency. Data shown are 
mean +/- SEM.
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Supplementary Figure 3: Examples of indentation-load profiles over the time, corresponding 
storage (in blue) and loss (in red) moduli, and amplitudes of indentation (in blue) and load (in red) as 
a function of frequency, when measured on A) cell, B) substrate, C) thin cytoplasm. D) Example of 
nonlinear response.
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Supplementary Figure 4: Morphologically identified astrocytes stained for A) F-actin and B) Vimentin 
were selected to estimate the mean gray values (MGV) of fluorescence intensity in the entire cell from 
which the background was subtracted. A) Astrocytes showed a lower MGV for F-actin in the treated 
versus control conditions but difference was not significant (p= 0.1 and 0.2 for WM- and GM-derived 
astrocytes, respectively). B) MGV of Vimentin was significantly higher for GM-derived astrocytes (p = 
0.008) and increased significantly upon treatment (p = 108, 0.09 for WM and GM, respectively). Mean 
fluorescence intensities were tested with a paired sampled t-test for normally distributed data and a 
Wilcoxon signed-rank test for non-normally distributed data. *** p < 0.001, ** p < 0.01, * p < 0.05, n.s. = 
not significant. Dark error bar is SD and light is SEM. Image analysis was performed using Fiji (ImageJ).
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Abstract

Background: The biomechanical properties of the brain have increasingly been shown to relate 
to brain pathology in neurological diseases, including Multiple Sclerosis (MS). Inflammation 
and demyelination in MS induces significant changes in brain stiffness which can be linked 
to the relative abundance of glial cells in lesions. We hypothesize that the biomechanical, in 
addition to biochemical, properties of white (WM) and grey (GM) matter derived microglia 
may contribute to the differential microglial phenotypes as seen in MS WM and GM lesions.  
Methods: Primary glial cultures from WM or GM of rat adult brains were treated with either 
lipopolysaccharide (LPS), myelin or myelin+LPS for 24 hours or left untreated as a control. After 
treatment, microglial cells were indented using dynamic indentation to determine the storage 
and loss moduli reflecting cell elasticity and cell viscosity, respectively, and subsequently 
fixed for immunocytochemical analysis. In parallel, gene expression of inflammatory 
related genes were measured using semi-quantitative RT-PCR. Finally, phagocytosis 
of myelin was determined as well as F-actin visualized to study cytoskeletal changes. 
Results: WM derived microglia were significantly more elastic and more viscous than 
microglia derived from GM. This heterogeneity in microglia biomechanical properties 
was also apparent when treated with LPS when WM derived microglia decreased cell 
elasticity and viscosity, and GM derived microglia increased elasticity and viscosity. 
The increase in elasticity and viscosity observed in GM derived microglia was 
accompanied by an increase in Tnfα mRNA and reorganization of F-actin which was 
absent in WM derived microglia. In contrast, when treated with myelin, both WM and 
GM derived microglia phagocytose myelin and decrease their elasticity and viscosity.  
Conclusions: In demyelinating conditions, when myelin debris is phagocytized, as in 
MS lesions, it is likely that the observed differences in WM versus GM derived microglia 
biomechanics are mainly due to a difference in response to inflammation, rather than to 
the event of demyelination itself. Thus, the differential biomechanical properties of WM and 
GM microglia may add on to their differential biochemical properties which depends on 
inflammation present in WM and GM lesions of MS patients.

Background

Multiple Sclerosis (MS) is a chronic, inflammatory neurological disorder, most commonly 
diagnosed in young adults. Pathologically, it is characterized by demyelination in the 
central nervous system (CNS) accompanied by inflammation and axonal degeneration [1]. 
Demyelinated lesions in the white-matter (WM) feature microglia with an activated phenotype 
in addition to infiltrated peripheral leukocytes. In contrast, grey-matter (GM) demyelinated 
lesions are considerably less inflammatory, with little microglial activation and are almost 
devoid of infiltrating leukocytes [2, 3]. Recent studies have shown that microglia in WM and 
GM in human post-mortem MS tissue show differential gene expression [4], and microglia 
homeostasis and activation markers [3, 5, 6]. These data suggest that microglia in WM and 
GM could either represent intrinsic different subpopulations or are distinguished by differences 
in local environment i.e. presence or absence of neurons or inflammation, as visible in MS. 

Along with biochemical characteristics, additional aspects relevant to cell physiology and 
function are biomechanical characteristics of cells and their microenvironment such as the 
presence of extracellular matrix (ECM) proteins [7, 8]. That the local environment can impact 
local tissue biomechanical properties is exemplified by measurements of WM and GM brain 
tissue where the WM is significantly less elastic than the GM [9]. Using magnetic resonance 
elastography (MRE), a method that can be applied in living patients, a decrease in viscoelastic 
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parameters in WM of MS patients compared to control subjects has been observed [10-12]. 
Interestingly, even patients presenting with a clinically isolated syndrome (CIS), before a 
definite diagnosis of MS is reached, showed reduced viscoelasticity of the WM as measured 
using MRE [10]. In experimental autoimmune encephalomyelitis (EAE), an animal model for 
MS, an observed decrease in WM elasticity coincides with an increase in local inflammation 
[13]. In addition, post-mortem analysis of human MS material revealed that active WM lesions 
featuring a large number of microglia/monocytes presented with a soft mechanical signature 
as indicated by a decreased elasticity, whereas chronic-active WM lesions, featuring more 
astrocytes were considerably stiffer indicated by an increase in elasticity [14]. These results 
suggest that the local cellular composition and concomitant microenvironment could determine 
the biomechanical properties of WM tissue in MS. In contrast to studies on WM tissue, no data 
is available on the effect of inflammation on biomechanical properties of GM tissue. Though, it 
has been shown that GM tissue damaged by a stab injury is less elastic than the surrounding 
healthy GM which is accompanied by increased GFAP immunoreactivity as is also present in 
WM demyelinated lesions [15, 16]. 

This raises the question of whether changes in tissue biomechanical properties translate to 
the differences at the cellular level. A relevant study on a number of immune cells showed that 
they exhibit a variety of elasticity and viscosity depending on the presence of certain cytokines 
[17]. Of interest is that changes in cell elasticity has been implicated in increased cell migration 
[18]. Moreover, inflammatory mediators increase phagocytosis in macrophages which is 
suggested to be mediated by a reduced cell elasticity [19]. In line with this observation, it 
has been shown that increased cell elasticity reduces the phagocytic capacity of the cell [20]. 
Thus, there seems a clear association between cell biomechanical properties and cellular 
functions relevant to MS pathology. In a recent study, we observed that upon treatment with 
inflammatory lipopolysaccharide (LPS), a bacterial cell wall component, GM derived astrocytes 
reduced their cellular elasticity and viscosity, whereas WM derived astrocytes did not change 
[21]. This region-specific biomechanical astrocyte response may be relevant for the observed 
better remyelination of GM areas than WM areas of the MS brain [22].

In the present study, we aim to determine whether microglial cells, as immune cells of the brain 
involved in MS pathology in WM and GM [5, 23], alter their biomechanical properties upon either 
treatment with LPS or after myelin phagocytosis, and how this is related to cell morphology 
and inflammatory status of the microglial cells. To this end, we determined the elasticity and 
viscosity of microglia derived from WM and GM using indentation. We hypothesize that the 
biomechanical properties of WM and GM derived microglia may contribute to the differential 
microglial response as seen in MS WM and GM lesions. 

Methods 

Isolation, culture and treatment of primary adult rat mixed glial cells

Animal studies were approved by the National (CCD) and VU University ethical committees 
on Animal Experimentation (approval number AVD1120020171784) and carried out in strict 
accordance with their guidelines. Primary glial cells were isolated from adult Wistar rats. It 
has been shown that lack of brain environment in vitro, for microglia derived from post- or 
pre-natal rodents, can affect microglial identity [24, 25]. This suggests that data generated 
from in vitro cultures is not reflective of microglial function in the CNS. However, with this in 
mind, our cultures might still reflect a part of the CNS environment: the indented and studied 
microglia were cultured in mixed glial cell cultures, also featuring astrocytes which are known 
to maintain microglial identity in culture [26]. In addition, we cultured these primary glial cells 
from the brains of adult (> 3 months) rats. Thus, cultured glial cells have been in contact with 
a mature CNS environment, shaping their identity, for a prolonged time. 

Boekje_271221.indd   115Boekje_271221.indd   115 4-1-2022   12:22:134-1-2022   12:22:13



116

After sacrifice, brains were removed and collected in ice-cold 0.6% glucose in Hanks Balanced 
Saline Solution (HBSS, ) and kept on ice. Per glial cell isolation, 2-3 rat brains were used. 
The brainstem and cerebral cortex were dissected representing WM and GM enriched areas, 
respectively. The brain areas were chopped into small pieces and subsequently trypsinized 
in 0.25% trypsin (Sigma) with 1.25 µg/ml DNA-se (Sigma) in HBSS for 30 min at 37°C 
with the tube continuously rotating. Then, culture medium consisting of equal amounts of 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Life Technologies, Breda) and Ham’s 
F10 nutrient mix (Gibco, Life Technologies, Breda, The Netherlands) supplemented with 10% 
fetal bovine serum (Gibco, Life Technologies, Breda), 1% Penicillin/Streptomycin (Invitrogen) 
and 1% L-glutamine (Invitrogen) was added to deactivate the trypsin. The tissue was further 
homogenized by mechanical dissociation using increasingly smaller pipets and finally using a 
glass small bore Pasteur’s pipet. Subsequently, the homogenate was filtered through a 70 µm 
mesh (Corning). After filtration, the cell suspension was centrifuged at 1200 rpm for 7 min at 
4°C. The supernatant was removed and the cell pellet was washed 3 times in culture medium. 
In order to plate primary glial cells, per brain area they were suspended in 4.8 ml (when 2 
rat brains were used for culture) or 7.2 ml (when 3 rat brains were used for culture) culture 
medium. Of this cell suspension, 450 µl was plated per poly-L-lysin coated Ibidi µ-dish (35mm) 
featuring a grid with a 500 µm repeat distance labeled from A-U; 1-20 (Ibidi, Germany). In 
order to settle the cells, plated cells were left in the incubator for 1 hr before 1 ml of fresh 
culture medium was added to each dish. The culture medium was changed the day after and 
thereafter every 3 days. Cells were kept in culture for 7 days before being treated with 100 ng/
ml LPS (E.coli O55:B5, Difco) in phenol-free culture DMEM (Gibco, Life Technologies, Breda) 
supplemented with 10% FCS, 1% L-glutamine and 1% Penicillin/Streptomycin for either 24 
hr or 48 hr or treated with 12.5 µg/mL pHrodo labeled human myelin with or without 100ng/ml 
LPS for 24 hr, or left untreated as a control. 

In addition, 450 µL of cell suspension/well were plated on poly-L-lysine coated ACLAR 
coverslips (hand-punched from 8 x 10 cm sheets, Electron Microscopy Sciences) in 24 well 
plates and left in the incubator for 10 min for cells to attach to the coverslip. Then, the medium 
was gently renewed and subsequent medium changes and treatment with LPS and/or myelin 
were similar as described above. Microglia phenotypes were determined on phase-contrast 
images made during indentation to prevent morphology bias induced by subsequent handling 
of the cells. The microglial identity of those cells was later confirmed using sequential double-
labeling immunocytochemistry for IBA-1 and GFAP as described below. 

Labelling of myelin with pHrodo

Human myelin was isolated and characterized as previously described [27]. Myelin (1 mg/100 
µl sterile water, pH=8.3) was labeled using 1 mg/ml pHrodo (a kind gift from prof. dr. I. 
Huitinga, Netherlands Institute for Neuroscience, Amsterdam). Myelin together with pHrodo 
were incubated at RT on a horizontal shaker for 45 min after which it was centrifuged for 4 min 
at 12,000 g at 4 °C. Subsequently, the pellet was washed in Dulbecco’s phosphate buffered 
saline (pH = 7.4, dPBS, Gibco) 3 times, each time followed by centrifugation for 4 min at 
12,000 g at 4 °C to eliminate unbound pHrodo, before being suspended in 0.5 ml dPBS at 
~2mg/ml. 

Indentation protocol

A detailed description of the indentation protocol and subsequent data analysis have been 
reported before [21] and is performed identically in the present study. In short, a custom-built 
indentation arm equipped with a cantilever-based ferrule-top force sensor (Optics11 Life) is 
mounted on an inverted microscope (Zeiss Axiovert 25, Carl Zeiss Inc.) and enclosed within an 
acoustically and thermally isolated box with a temperature maintained at 37 °C. Ibidi µ-dishes 
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with cells were placed in the microscope stage and perfused with carbonated phenol-free 
culture medium (as described above). Each cell was indented once and the image was saved 
together with the grid location of the indented cell. All measurements were performed within 3 
hours after the cells left the incubator. 

Force sensors with cantilever stiffness between 0.02 N/m and 0.34 N/m and spherical tip 
radius between 8.5 µm and 10.5 µm were used in the experiments. Dynamic indentation 
measurements consisted of loading step at 1 µm/sec indentation speed followed by a 5 sec 
load relaxation period at fixed indentation depth and subsequent frequency sweep between 1 
Hz and 10 Hz at 0.1 µm oscillation amplitude. Storage modulus (elasticity) and loss modulus 
(viscosity),  and , and damping factor  were calculated for each oscillation frequency according 
to previous sources [28]. To measure the thickness of live cells, we tracked the piezo-
transducer elongation upon contact with the substrate and the cell; where the height of the 
cell is given by the differences between the two distances. The maximum indentation depth 
varied between 1.6 and 2.6 µm on cells that ranged between 7.6 µm and 11.3 µm thickness 
(Suppl. Fig 1). As it is known that indentation depth can influence the storage and loss moduli, 
storage and loss moduli values were corrected for finite-thickness thin-layer bonded sample 
effects [29] to eliminate the effects of sensing the stiff substrate underneath the cell (correction 
factor was ~2). 

Terminology applied to study microglia indentation

From the indentation data on microglia, the storage and the loss moduli were calculated. 
Although there are many methods to define elasticity, viscosity and viscoelasticity [30], in 
this manuscript we refer to the storage modulus as the elasticity of cell, whereas the loss 
modulus will be referred to as the viscosity of cells. Cell elasticity indicates resistance to cell 
deformation upon a force. When the storage modulus of a cell increases, cell elasticity is 
increased. Cell viscosity indicates fluid-like behavior of the cell upon a force. When the loss 
modulus increases, cell viscosity is increased indicating less fluid-like behavior [30, 31]. Lastly, 
we calculated the damping factor of cells by dividing the loss modulus by the storage modulus. 
Cells are defined by their viscoelasticity indicating they are both elastic and viscous. When 
the damping factor is >1, the cell is more viscous than elastic (viscoelastic liquid), whereas if 
the damping factor is <1, the cell is relatively more elastic than viscous. This measure can be 
useful in determining which viscoelastic parameter is more affected by e.g. a manipulation of 
the cells. 

Table 1: Antibodies used for immunocytochemistry

Primary 
antibody

Dilution Source 
(catalog 
number)

Secondary 
Antibody

Dilution Source

Enzymatic immunocytochemistry

Goat x 
IIBA-1 

1:500 Abcam 
(ab5076)

Impress 
anti-goat 
IgG (AP) 

Undiluted Vectorlabs

Rabbit x 
GFAP

1:2000 DAKO 
(Z0334)

Envision+ 
peroxidase 
kit for 
Rabbit

Undiluted Agilent

Fluorescent immunocytochemistry
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Goat x IBA-1 1:500 Abcam 
(ab5076)

AF 
488-labeled 
Donkey x 
Goat IgG

1:200 Molecular Probes 
(A11055)

Rhodamine 
Phalloidine 
(F-Actin)

1:80 Life 
Technologies 
(R415)

NA NA NA

NA = Not applicable, F-actin binding Rhodamine Phalloidine is fluorescently labeled

Sequential double-labelling immunocytochemistry 

To identify the cell type of the indented cells cultured on the Ibidi µ-dishes, primary glial cells 
were fixed right after indentation with paraformaldehyde (PFA) by adding 8% PFA to an equal 
volume of phenol-free culture medium to a final concentration of 4% PFA for 20 min. Afterwards, 
cells were washed 3 times in 1 mM Tris buffered saline (TBS) and stored in TBS at 4°C 
until further use. Cells were stained using sequential double-labeling immunocytochemistry 
as followed: fixed cells were incubated in 1% H2O2 in TBS for 15 min to block endogenous 
peroxidase activity. Subsequently, cells were washed in TBS and incubated for 30 min in 
block buffer consisting of 5% donkey serum in TBS + 0.5% Triton-X. After this blocking step, 
cells were incubated with the IBA-1 antibody (Table 1) in 5% donkey serum in TBS overnight 
at 4°C. After incubation with the IBA-1 antibody, cells were washed in TBS and incubated 
with ImmPRESS anti-Goat IgG Alkaline Phosphatase polymer detection kit (Vectorlabs) for 
30 min at room temperature (RT). Subsequently, cells were washed and stained with Liquid 
Permanent Red (DAKO) to visualize IBA-1 immunoreactivity. After IBA-1 immunoreactivity was 
apparent, cells were washed in TBS and incubated with the GFAP antibody (Table 1) in 5% 
donkey serum in TBS for 1 hr at RT. After incubation, cells were washed in TBS and incubated 
in Envision+ Peroxidase kit for rabbit (Agilent) for 30 min at RT. Subsequently, cells were 
washed in TBS and GFAP immunoreactivity was visualized using 3,3-diaminobenzidine (DAB, 
Sigma, St. Louis, USA) supplemented with Imidazole. Afterwards, cells were counterstained 
using hematoxylin for 1 min RT and were stored in TBS at 4°C. 

Fluorescent immunocytochemistry

Fluorescent immunocytochemistry was performed on primary glial cells grown on PLL 
coated ACLAR plastic coverslips. After fixation as described above, the fixed cells were 
incubated in block buffer consisting of 10% donkey serum in TBS with 0.1% Triton-X for 45 
min. After incubation in block buffer, cells were incubated overnight at 4°C with the primary 
antibodies stated in Table 1 diluted in TBS containing 2% donkey serum with 0.02% Triton-X. 
Subsequently, cells were washed in TBS and incubated with the corresponding secondary 
antibodies as stated in Table 1 in diluted block buffer (2% Donkey serum with 0.02% Triton-X) 
for 1 hr at RT. To visualize F-Actin, we used directly labeled Rhodamine Phalloidine diluted in 
block buffer (Table 1). Cells were incubated with Rhodamine Phallodine for 1 hr at RT. After 
incubation, the cells were washed in TBS, counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI), mounted on microscope slides and embedded with Mowiol. Slides were stored at 4 
°C before being imaged using a Leica DM5000 microscope (Leica, Germany) or using a Nikon 
A1R confocal microscope (Nikon, The Netherlands). 

Semi-quantitative RT-PCR 

Mixed glial cells were cultured in a 24-wells plate, left untreated (control) or treated with LPS 
and/or myelin as described above. Per condition, 1-2 wells were lysed in a total volume of 1 ml 
TRIZol (Invitrogen). To the samples, 200 µl chloroform was added and tubes were centrifuged 
at 12,000xg for 15 min. at 4°C. After the phenol-chloroform-extraction, RNA was purified 
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and cleaned up using the E.Z.N.A. MicroElute RNA Clean Up kit (Omega Bio-Tek, Norcross, 
USA) and analyzed for quality and quantity using a NanoDrop spectrophotometer (Thermo 
Scientific). The input of RNA for cDNA synthesis for all samples was normalized based on the 
sample with the lowest concentration of RNA. Per sample, 250 ng total RNA of sufficient quality 
(260/230 ratio of ≥ 2 and 260/280 ratio ≥1) was reverse-transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Bleisswijk, The Netherlands) 
with oligo-d(T) primers (50 µM, Invitrogen) according to the manufacturer’s description. Semi-
quantitative RT-PCR was performed in a total volume of 10 µl per sample consisting of 3 µl 
of Power SYBR Green Master Mix (Life Technologies, Carlsbad, USA), with 50 µM of each 
forward and reverse primers (Table 2), and 6 ng/µl cDNA in a MicroAmp Optical 96-well 
Reaction Plate (Applied Biosystems, Foster city, USA). The PCR reaction was performed 
using the StepOnePlus Real-Time PCR system (Applied Biosystems). The PCR protocol 
was adapted from the manufacturer’s description and featured 40 cycles with an annealing 
temperature of 60°C, followed by a melt curve analysis. The relative expression level of the 
target genes was determined by the LinReg PCR software (version 2014 4.3 (July 2014); 
website: http://www.hfrc.nl) using the following calculation N0=Nq/ECq (N0=target quantity, 
Nq=fluorescence threshold value, E=mean PCR efficiency per amplicon, Cq=threshold cycle). 
GAPDH and HPRT1 were selected out of 5 candidate housekeeping genes by NormFinder 
[32]. Gene expression data (N0 values) were normalized against the mean of Gapdh and 
Hprt1 N0 values. 

Table 2: Primers used for qPCR

Gene Forward primer (5’-3’) Reverse primer (5’-3’)
Aif1 GCCTCATCGTCATCTCCCCA AGGAAGTGCTTGTTGATCCCA

Gfap CAGACTTTCTCCAACCTCCAG CTCCTGCTTCGAGTCCTTAATG

Il-1β GCCACCTTTTGACAGTGATG CTTCTCCACAGCCACAATGA

Il-6 CCCCAACTTCCAATGCTCTC AGATGAGTTGGATGGTCTTGGTC

Tnfα CCACACCGTCAGCCGATT TCCTTAGGGCAAGGGCTCTT

Hla-dr CACACTTGGAGACCTGGTGAT AACTCCGCCTGGATGATGGT

Cd74 ATGGCTACTCCCTTGCTGATG GTAGTTCACGGGTCCAGACT

B2m GAGCCCAAAACCGTCACCT ACCGGATCTGGAGTTAAACTGG

Gapdh GAACATCATCCCTGCATCCA GCCAGTGAGCTTCCCGTTCA

Hprt1 CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC

Statistical Analysis

All data were analyzed using SPSS Statistics 22 (IBM, Armonk, USA) or Graphpad Prism 
8.2.1. (San Diego, USA). Single cell indentation data obtained within one culture were 
considered a repeated-measure. We combined data from multiple independent cultures 
(N=2-6). To analyze the data, we used a linear mixed model with culture batch and treatment 
condition as fixed effects. Post-hoc comparisons were made using the Bonferroni correction 
for experimental conditions (LPS, myelin and myelin+LPS) compared to control. In addition, 
since the data were not normally distributed, data were Log10 transformed before statistical 
analysis. P values <0.05 were considered statistically significant. 

Semi-quantitative PCR measurements did not show a normal distribution and were, therefore, 
10Log transformed before being analyzed using a repeated measures ANOVA or using a linear 
mixed model (for Cd74 mRNA levels). Post-hoc testing was performed using the Dunnett’s 
correction to compare experimental groups to control. P values < 0.05 were considered 
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statistically significant. 

Results

Immunocytochemical characterization of indented cells

After indentation, cells were identified as microglia by immunocytochemical staining for IBA-
1 or as astrocytes by staining for GFAP (Suppl. Fig. 2). Cells immunopositive (+) for IBA-1 
were considered microglia and were included in the analysis. GFAP+ astrocytes and cells that 
showed no specific staining were removed from all subsequent analyses. Indentation data 
were obtained from six glial cultures for the untreated and LPS treatment conditions, and from 
two glial cultures for the myelin and myelin + LPS treatment conditions. In total, we analyzed 
indentation data obtained from single microglia derived from enriched WM (N=130 untreated, 
N=114 LPS treated, N=55 myelin treated and N=72 myelin+LPS treated) and enriched GM 
(N=73 untreated, N=104 LPS treated, N=37 myelin treated and N=43 myelin+LPS treated). 

GM derived microglia are intrinsically less elastic and less viscous than microglia 
derived from WM

 At baseline, the average elasticity of GM derived microglia was lower as indicated by a lower 
storage modulus (mean: 842 ± standard deviation: 801 Pa) than of WM derived microglia 
(1429 ± 1035 Pa, t(201)=4, p <0.0001, Fig. 1a). In addition, the viscosity of GM derived 
microglia (584 ± 534) was also lower, as indicated by a lower loss modulus, than of WM 
derived microglia (956 ± 658; t(190)=4, p<0.0001 Fig. 1b). Therefore, GM derived microglia 
are less elastic and less viscous than WM derived microglia. The damping factor of both WM 
(0.68 ± 0.22) and GM (0.71 ± 0.28) derived microglia was similar (t(208)=0.967, p=0.33, Fig. 
1c), Thus, while GM derived microglia are overall less viscoelastic than WM derived microglia 
indicating that they are less elastic and more fluid-like.

Figure 1: (a) Elasticity (storage modulus), (b) viscosity (loss modulus) and (c) the ratio of viscosity divided 
by elasticity (damping factor) of microglia derived from WM (blue) and GM (red). Grey dots represent 
individual microglia measurements from N=6 independent cultures. Bars represent the mean of all 
measurements +/- SEM. **** = p<0.0001.

WM and GM derived microglia show different mechanical properties upon treatment 
with LPS but not upon treatment with myelin
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Microglia derived from WM and GM enriched brain areas were treated with LPS, myelin or 
myelin+LPS for 24 hours. Indentation values of single microglia were pooled across separate 
experiments. WM derived microglia showed significant changes in elasticity in all treatment 
conditions in comparison to the control microglia (F(3/355)=27.338, p <0.0001, (Fig. 2a)). 
Treatment of WM derived microglia with LPS (p<0.001), myelin (p<0.0001) or myelin+LPS 
(p<0.0001) resulted in a decreased cell elasticity, i.e. lower storage modulus, compared 
to control microglia which was most pronounced for myelin-treated microglia. GM derived 
microglia also showed significant changes in elasticity (F(3/243) = 13.560, p<0.0001, Fig. 
2b) which after post-hoc testing showed to be due to significant changes in LPS (p<0.05) 
and myelin treated (p<0.001) microglia in comparison to control microglia. In contrast 
to WM derived microglia, GM derived microglia significantly increased their elasticity, 
indicated by an increased storage modulus, after treatment with LPS (p<0.05). Yet, similar 
to WM derived microglia, GM derived microglia decreased their elasticity after treatment with 
myelin (p<0.0001). Treatment of GM derived microglia with myelin+LPS did not significantly 
alter elasticity compared to control microglia (p=0.20), probably due to contrasting effects 
induced by LPS versus myelin exposure. When analyzing cell viscosity we observed that 
WM derived microglia showed significant changes in viscosity (F(339)=59, p<0.0001, Fig. 
2a), which after post-hoc testing appeared decreased viscosity, as indicated by a lower loss 
modulus, compared to control microglia, after myelin (p<0.0001) and myelin+LPS (p<0.001) 
treatment. GM derived microglia also exhibited changes in viscosity (F(240)=15.4, p<0.001, 
Fig. 2b) which was significant for LPS treated cells showing a higher loss modulus indicating 
increased viscosity (p<0.001) compared to control microglia, and myelin treatment resulted in 
a reduced viscosity (p<0.05) compared to control microglia. Treatment with myelin+LPS did 
not significantly change the viscosity (p=0.073). 
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Figure 2: Elasticity (storage modulus), viscosity (loss modulus) and the ratio of viscosity divided by 
elasticity (damping factor) of microglia derived from (a) WM and (b) GM. Black dots represent individual 
microglia measurements from N=6 independent cultures. Bars represent the mean of all measurements 
+/- SEM. Schematic overview of biomechanical changes in WM (c) and GM (d) derived microglia after 
treatment with LPS, myelin or LPS+myelin. **** = p<0.0001.

When determining the damping factor (i.e. viscosity/elasticity) of microglia, we observed that 
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WM and GM derived microglia exhibited an altered damping factor (WM: F(3/208)=265.7, 
p<0.0001, GM: F(3/141)=72.65, p<0.0001) upon different treatments. Post-hoc testing 
revealed that upon treatment with LPS, GM derived microglia showed a decreased damping 
factor (p <0.05, Fig. 2b), whereas WM derived microglia did not (p = 0.99, Fig. 2a). These 
data indicate that GM derived microglia treated with LPS showed a relatively larger increase 
in elasticity than viscosity compared to control microglia. The lack of change in the damping 
factor of WM derived microglia treated with LPS indicate that elasticity and viscosity microglia 
characteristics decreased similarly. Upon treatment with myelin, both WM (p<0.0001) and 
GM (p<0.05) derived microglia showed a clear increase in their damping factor (Fig. 2 a,b) 
indicating that the observed decrease in elasticity is larger than the decrease in viscosity (2.0 
and 1.6 times, and 2.8 and 2.6 times for WM and GM, respectively) and that cells became 
relatively more viscous than elastic. In contrast, when treated with myelin+LPS, WM derived 
microglia showed a significantly decreased damping factor (p<0.001) while elasticity also 
decreased meaning that the viscous component decreased more than the elastic one (2.8 
and 2.4 times, respectively). GM derived microglia treated with myelin+LPS also showed a 
slight decrease in damping factor but this was not significantly different compared to control 
microglia (p=0.13, Fig. 2b). 

From these data, we can conclude that when treated with LPS, WM and GM derived microglia 
show opposing changes in elasticity and viscosity with WM derived microglia becoming less 
elastic and less viscous meaning that overall they become more fluid-like. In contrast, GM 
derived microglia become more elastic and more viscous with a stronger change in viscosity 
than elasticity, thus less fluid-like (Fig 2 c,d). When treated with myelin, both WM and GM 
derived microglia show similar changes, reducing both their viscosity and elasticity. (Fig 2 c,d). 
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Figure 3: Microglial morphological phenotype does not determine cell elasticity. (a) Pie-graphs indicating 
per condition the % of amoeboid and ramified indented microglia per brain area (WM derived = blue, 
GM derived = red). (b) Elasticity (storage modulus, upper graphs) and viscosity (loss modulus, lower 
graphs) of microglia with an amoeboid or ramified phenotype derived from WM (blue) and GM (red). Black 
dots represent individual microglia measurements from N=6 independent cultures for control and LPS 
conditions, N=2 for myelin and myelin+LPS conditions. Bars represent the mean of all measurements per 
condition +/- SEM. Representative immunocytochemical images of IBA-1 (green) in WM derived microglia 
(c-f) and GM derived microglia (g-j). Myelin phagocytosis is visualized by pHrodo (red, e-f, i-j). Arrows 
indicate phagocytosed myelin. Scalebar = 50 µm (c-j).

Elasticity does not relate to microglia morphology

Changes in elasticity of microglia could be caused or coincide with an altered cell morphology 
[33]. Therefore, we characterized the morphological appearance of microglia in response to the 
various treatments. Microglia were categorized as ‘ramified’ if they showed ≥1 ramification or as 
‘amoeboid’ when they did not feature any clear ramification. Using this classification we found 
that WM and GM derived cultures featured a similar ratio of ramified and amoeboid microglia 
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in all treatment conditions (Fig. 3a). In the control condition only slightly more amoeboid than 
ramified microglia were present, whereas, after treatment with LPS, myelin or myelin+LPS, 
most microglia were classified as amoeboid microglia (Fig. 3a). Since we observed similar 
morphological appearances of WM and GM derived microglia treated with either LPS and/
or myelin, we questioned if amoeboid microglia exhibit a different cell elasticity than ramified 
microglia. We, therefore grouped the indentation data according to morphological phenotype 
and found that the change in elasticity or viscosity after treatment with LPS and/or myelin was 
similar in amoeboid and ramified microglia (Fig. 3b), and corresponded to the pooled data 
(Fig. 2a-b). We further studied microglia morphology by visualizing microglia morphology of 
IBA-1+ microglia using immunocytochemical analysis of fixed primary glial cells derived from 
WM and GM which were not indented. WM and GM derived IBA-1+ microglia appeared with a 
similar morphology after treatment with LPS (Fig 3d, h), i.e. with less ramifications compared 
to control microglia (Fig 3c, g). Microglia derived from WM and GM slightly more amoeboid 
morphology when treated with myelin alone (Fig 3e, i) whereas incubation with myelin+LPS 
lead to microglia exhibiting a mostly amoeboid morphology (Fig 3f, j). Although not quantified, 
we observed that roughly 30-40% of the IBA-1+ microglia contained pHrodo-labeled myelin 
(data not shown).

Figure 4: Representative images of F-actin labeling. WM derived (a-b) and GM derived microglia (c-d) left 
untreated or treated with LPS. Arrows indicate subtle differences in F-actin signals within the cells treated 
with LPS: open arrows highlight the stronger F-actin signal localized to the middle of the cell which was 
visible in nearly all GM derived microglia treated with LPS and some WM derived microglia treated with 
LPS. Closed arrows point to a more diffuse and weaker staining of F-actin, visible in WM derived microglia 
treated with LPS only. Confocal images with orthogenal slices showing the Z- axis of a ramified microglia 
(e) and amoeboid microglia (f). Surface plots of the same ramified (g) and amoeboid (h) microglia showing 
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the intensity of the rhodamine phalloidine signal (y-axis) which can be considered a measure for the 
amount of F-actin in the cell, and the size of the cells in µm (x-axis). Scalebars (a-d and e-f) = 50 µm.

Cell morphology, but not cell elasticity or viscosity relates to overt changes in F-actin 
labeling

In order to elucidate if the differential elasticity of WM and GM derived microglia after treatment 
with LPS was related to a different cytoskeletal rearrangement, we visualized the cytoskeletal 
protein F-actin in control and LPS treated WM and GM derived microglia only. We found that 
microglial F-actin expression and organization was similar in WM derived (Fig. 4a,b) and 
GM derived microglia (Fig. 4c,d) reflected by a similar ramified and amoeboid appearance 
in the control and LPS condition respectively. However, GM derived microglia showed a 
slightly higher abundance of F-actin near the center of the cell than WM derived microglia 
after treatment with LPS (Fig. 4 b, d). Thus, the differential changes in cell elasticity and 
viscosity upon treatment with LPS did not associate with overt changes in F-actin expression 
and organization. Subsequent confocal imaging of F-actin labeling comparing microglia with 
a ramified and amoeboid phenotype (Fig. 4e,f) showed that F-actin labeling in amoeboid 
microglia is centered near the nucleus, whereas ramified microglia showed the increased 
intensity of the F-actin signal near the nucleus and at the end of their processes (Fig. 4g,h). 

Figure 5: Semi-quantitative mRNA levels of pro-inflammatory cytokines (Il-1β, Tnfα and Il-6) and of genes 
involved in antigen presentation (Hla-dr, Cd74 and B2m) in WM derived microglia (blue, left of dotted 
line) and GM derived microglia (red, right of dotted line) upon treatment with LPS, myelin or LPS+myelin 
of when left untreated as a control. Data plotted is normalized against the averaged expression of two 
housekeeping genes (Gapdh and Hprt1) per sample per condition. Black dots represent data from 3 
individual cultures, bars represent the mean +/- SEM. * p<0.05, ** = p<0.01, ***=p<0.001, ****=p<0.0001.

GM derived microglia are more responsive to LPS than WM derived microglia at the 
molecular level

As we found that it was primarily the treatment of microglia with LPS and/or myelin which 
differentially affected elasticity and viscosity in WM and GM derived microglia, rather than 
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indirectly via changes in global morphology, we questioned whether WM and GM derived 
microglia have a differential molecular response towards LPS and/or myelin. As LPS is known 
to modulate the inflammatory status of microglia we chose to focus on gene expression of 
inflammatory cytokines known to be produced by microglia (Il-1β, Il-6, Tnfα, [34, 35] ). In 
order to evaluate the effect of myelin, we chose to focus on genes of markers involved in 
antigen presentation expressed by microglia (Cd74, B2m and Hla-dr [34, 35]), as microglia 
are considered to be the antigen presenting cells of the CNS and thus could regulate the 
inflammatory response after phagocytosis of myelin by attracting peripheral lymphocytes into 
the CNS. By performing semi-quantitative RT-PCR , we first confirmed that our WM and GM 
derived mixed glial cell cultures showed no significant change in Aif-1 (gene encoding for IBA-
1) expressing microglia and Gfap expressing astrocytes under the conditions applied (Suppl. 
Fig. 3). Moreover, Gfap expression was relatively absent, thus we considered the astrocytic 
contribution to the measured mRNA levels ignorable. Il1β expression was enhanced by 
treatment with LPS or with myelin+LPS in both WM derived microglia (F(3)=16.81, p=0.0025) 
and GM derived microglia (F(3)=31.43, p=0.0005) but not by myelin only treatment (Fig. 5). 
Similar to Il1β, Il6 mRNA was regulated in both WM derived microglia (F(3)=32.60, p = 0.0004) 
and GM derived microglia (F(3)=217.3, p<0.0001) showing significant upregulation in all 
conditions. (Fig. 5). In contrast, Tnfα mRNA levels were not changed by any of the treatment 
conditions in WM derived microglia (F(3)=2.589, p=0.1483), but were increased in GM derived 
microglia (F(3)=13.46, p=0.0045) treated with LPS or myelin+LPS (Fig. 5). When analyzing 
antigen presentation related genes, we observed that WM derived microglia did not show 
significant regulation of Hla-dr mRNA upon any of the treatments (F(3)=0.8473, p=0.5164), 
whereas in GM derived microglia Hla-dr mRNA levels were increased (F(3,5)=6.509, p=0.0353) 
especially in the presence of myelin (Fig. 5). Like Hla-dr, Cd74 and B2m mRNA levels were 
not altered by any treatment in WM derived microglia (Cd74: F(3,7)=1.596, p=0.2743; B2m: 
F(3)= 1.586, p=0.2922, Fig 5). Also, GM derived microglia did not show significant regulation 
of Cd74 (F(3,4)=0.6650, p=0.6159), but a trend towards increased expression was found in 
all treatment conditions. B2m mRNA did show a significant group difference (F(3)=5.976, 
p=0.0311) but no significant difference between conditions compared to control, though a trend 
towards increased expression was found after exposing microglia to myelin (Fig. 5). These 
data suggest that the differential response of WM and GM derived microglia to treatment with 
LPS and/or myelin may be related with changes in cell biomechanics as established for other 
cell types. 

Discussion 

Besides biochemical changes, mechanical properties of glial cells may be involved in the 
pathogenesis of neurological disorders. In particular inflammatory conditions, as present in 
MS pathology, can have an impact on the biomechanical changes of cells, as shown for 
astrocytes. [7, 21, 36, 37] and macrophages [19, 33, 38]. The observed difference in microglial 
activation status in WM lesions versus GM lesions, made us question whether differences in 
biomechanical properties may contribute to this. In the present study, we are the first to show 
the impact of LPS and myelin treatment on the biomechanical properties of microglial cells. 
Here, we report that under basal conditions, microglia derived from enriched GM regions show 
significantly lower elasticity and viscosity than microglia derived from enriched WM regions. 
As the cells were cultured under the same conditions, this implies that GM and WM derived 
microglia may have different basal intrinsic biomechanical properties. Interestingly, these 
properties are different than indentation measures of whole GM and WM, where the WM has 
reduced elasticity and viscosity compared to the GM [9]. This highlights the importance of also 
investigating individual cell mechanical properties, as these may differ from the mechanical 
properties of the tissue as a whole, featuring many different cell types and ECM proteins. 
The elasticity of microglia is comparable to that reported for blood-derived monocytes [33, 
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38], but are significantly lower than those reported for astrocytes from the same cultures 
[7, 21, 36, 37]. Furthermore, we report that untreated microglia derived from WM and GM 
have similar damping factors and similar elastic and viscous properties as other brain cells 
such as astrocytes and neurons [7]. This relatively soft mechanical signature of microglia, 
indicated by reduced elasticity and reduced viscosity, compared to astrocytes could be related 
to the fact that microglia are highly motile cells and able to change morphology drastically and 
rapidly [39, 40]. As a confounding factor, it has been proposed that the culture substrate could 
affect the measurement results of cell elasticity and viscosity when indenting to depths which 
are larger than 5% of the sample thickness [41]. Nevertheless, concurrent with the recently 
proposed guidelines to eliminate a possible substrate effect [42], we measured microglial cell 
thickness and corrected our measurements according to the mean cell thickness. In addition, 
cell measurements where the probe extended into the cell at a depth > 10 % of cell thickness 
were excluded from the analysis.

The observation of a differential biomechanical response of WM and GM derived microglia 
when treated with LPS, but not when treated with myelin, raises the question as to what 
determines this differential response. Microglia are known to be very plastic cells, changing 
their morphology from a ramified shape under homeostatic conditions to an amoeboid 
phenotype during inflammatory conditions. As it has been proposed that the cytoskeleton 
drives mechanical properties of cells [36], we studied F-actin organization in microglia. 
Interestingly, we found that even though more rearrangement of F-actin cytoskeleton 
was present in amoeboid compared to ramified microglia, no difference in cell elasticity 
was observed between the two phenotypes. In addition, WM and GM derived microglia 
presented with similar morphological changes when treated with LPS (i.e. from ramified to 
amoeboid) but showed opposite effects of LPS on cell elasticity. These results are in contrast 
with previous findings in other cell types where an increase in elasticity is correlated with 
an increase in F-actin fluorescent signal [17, 36]. However, it is possible that in microglia, 
cytoskeletal rearrangements (similar to astrocytes [21]) and not an increase in F-actin per 
se, are responsible for changes in elasticity. This is also supported by data indicating that 
disruption of F-actin fiber organization, and not necessarily a decrease in F-actin, decreases 
cell elasticity [43]. Further research using high-end confocal imaging techniques is likely 
needed to elucidate the exact role of the cytoskeleton in microglia elasticity and response 
to inflammation. In addition, whereas the strongest link to cell elasticity has been shown to 
be F-actin [17, 21] other cytoskeleton proteins could be of importance to alter biomechanical 
properties, depending on the cell type [44]. 

Although not often studied, viscosity in relation to elasticity is of equal importance to determine 
cellular biomechanical properties. The decrease in viscosity in both WM and GM derived 
microglia when treated with myelin indicates the easier flow of fluids inside the cells, possibly 
mediated by an increase in cytoplasm fluid volume also affecting cell elasticity measures. 
Indeed, an increase in cytoplasm volume is related to a decrease in cell elasticity and vice versa 
[45]. Thus, in microglia, cytoplasm volume could also be an important indicator of microglial 
biomechanical properties in concert with cytoskeletal proteins. We subsequently determined 
to what extent inflammatory conditions will have a differential impact on biomechanical 
properties of WM and GM derived microglia and mRNA level changes. Treatment of the cells 
with LPS, as a typical example of a pro-inflammatory stimulus, resulted in a decrease in cell 
elasticity and viscosity in WM derived microglia which resembled observations in LPS treated 
macrophages [19, 38, 46]. In those macrophages, the decrease in cell elasticity induced by 
LPS was accompanied by increased release of pro-inflammatory cytokines [19, 46]. In line 
with this observation, in WM derived microglia, the decrease in cell elasticity and viscosity 
coincided with an increase in Il-1β and Il-6 mRNA, but not Tnfα mRNA levels. In contrast, in 
GM derived microglia, LPS treatment increased cell elasticity and viscosity making them more 
resistant to deformation and fluid-like, which coincided with an increase in Il1-β and Il-6 mRNA 
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but also in Tnfα mRNA levels. This increase in Tnfα mRNA solely in GM derived microglia, 
could be indicative of a neuroprotective signature of these microglia. Preventing neuronal 
loss upon brain damage (i.e. inflammation or demyelination) is crucial to maintain proper 
brain functioning, and microglial-derived TNFα has been implicated in preventing neuronal 
cell death [47]. In addition, binding of Tnfα to the TNF receptor 2, which is expressed by 
neurons is related to remyelination [48, 49]. Thus, our data possibly suggest that in response 
to inflammation i.e. LPS, GM derived microglia increase their cell elasticity and viscosity to 
selectively facilitate the production and possibly release of TNFα to prevent neuronal cell 
death. The absence of an increase in Tnfα mRNA production in WM derived microglia could 
be related to their relative reduced elasticity and viscosity when treated with LPS, as Tnfα 
production but not IL-1β is hindered when cell elasticity and viscosity is reduced [50] [51]. The 
effect of cell elasticity or viscosity on IL-6 production has not been studied yet, but Il-6 mRNA 
is reduced in macrophages cultured on stiffer substrates compared to softer substrates [52]. 
Thus, our data suggest that the production of cytokines can be differentially regulated by cell 
biomechanical properties. 

The loss of myelin is a pathological hallmark of MS. This myelin will be phagocytized by 
macrophages and local microglia. As infiltrating macrophages are relatively absent in GM 
lesions [2,3], we were interested to see how treatment with myelin affects the biomechanical 
properties of WM and GM derived microglia. Upon treatment with myelin, WM and GM 
derived microglia decreased their elasticity and viscosity making them both less resistant to 
deformation and more fluid-like. This is of interest as it has been reported that a decrease in 
cell elasticity may facilitate phagocytosis [19]. Indeed we observed clear myelin phagocytosis 
in both WM and GM derived microglia. In the presence of inflammatory LPS, GM derived 
microglia phagocytized more myelin than WM microglia. Although translation to MS is 
difficult, this may suggest increased removal of myelin debris from GM lesions by microglia 
if inflammation is present. Although myelin treated WM and GM derived microglia showed 
similar biomechanical properties, only GM derived microglia showed significantly upregulated 
expression of the MHC class II antigen expression molecule Hla-dr and elevated mRNA levels 
of corresponding Cd74 and MHC class I related B2m. In situations resembling demyelination 
in MS, where there is an abundance of myelin together with inflammation (myelin+LPS 
condition), WM derived microglia showed no increase of Hla-dr and a decreased cell elasticity 
and viscosity, possibly hindering the production of Tnfα mRNA as is also observed before 
[50]. This lack of Hla-dr and Tnfα expression by microglia might interfere with the ability of 
the area to remyelinate, as both have been shown to increase oligodendrocyte proliferation 
[48, 53]. Instead, in GM derived microglia, we observed a phenotype more closely resembling 
that of microglia facilitating remyelination, possibly again to support neurons, with increased 
Hla-dr and Tnfa mRNA levels and no net change in cell elasticity or viscosity in the myelin 
+ LPS condition. Our results are in contrast with pathological characteristics of WM and 
GM demyelinated areas: In tissue, it is WM demyelinated areas that feature more HLA-DR 
expression, not GM demyelinated areas [3]. However, it is yet unclear if it is microglia or 
infiltrated myeloid cells that express HLA-DR in these lesions [5, 54]. Our results possibly 
suggest that it could be primarily infiltrated monocytes, not microglia, that express HLA-DR in 
(active) WM demyelinated areas as we observed no large increase in HLA-DR expression in 
WM derived microglia. Thus, the differences between WM and GM derived microglia, both at 
the biomechanical and the biochemical (i.e. mRNA levels) are primarily related to a different 
immune response to LPS or myelin. 

Conclusions

Our study put forward a biomechanical dimension of microglia heterogeneity as captured by 
dynamic indentation. Taken together, these data suggest a possible role of biomechanical 
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in concert with biochemical microglia properties which could together determine the 
characteristics of microglia in MS WM and GM. We are the first to show that at baseline and 
after treatment with pro-inflammatory LPS, microglia derived from the WM and GM show 
differential biomechanical characteristics and cytokine expression profiles, and can thus 
likely be considered different subpopulations. However, this heterogeneity in biomechanical 
characteristics is not found upon exposure to myelin though we do observe differences 
in mRNA levels of i.e. Hla-dr. Thus, in demyelinating conditions, when myelin debris is 
phagocytized, as in MS lesions, it is likely that the observed differences in WM versus GM 
derived microglia biomechanics are mainly due to a difference in response to inflammation, 
rather than to the event of demyelination itself. 
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Supplementary fi gures

Supplementary Figure 1: Cell depth in µm of WM (blue, left of dotted line) and GM (red, right of dotted 
line) enriched microglia after treatment with LPS, myelin or myelin+LPS. Black dots represent data from 
individual microglia, bars represent the mean and +/- SEM.

Supplementary Figure 2: Representative light-microscopical image of primary mixed glial cells cultured 
in ibidi µ-dish with grid used for indentation. Microglia are identifi ed by IBA-1 immunoreactivity (pink), 
astrocytes are identifi ed by GFAP immunoreactivity (brown). Scalebar = 250 µm.
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Supplementary Figure 3: Graph depicting mRNA levels of Aif-1 and Gfap in WM (blue) and GM (red) 
derived mixed glial cell cultures. Black dots represent data from 3 individual cultures, bars represent 
the mean and +/- SEM. We observed no statistical diff erences in the mRNA expression of Aif-1 or Gfap 
between conditions (ns). 
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Chapter 8 

Discussion
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Multiple sclerosis (MS) is characterized by demyelination of axons in both white and grey 
matter. Glial cells are essential in their contribution to MS: In the white matter, microglia are 
involved in the phagocytosis of myelin debris [1], can act as antigen presenting cells and 
can secrete both pro and anti-inflammatory cytokines, modulating the immune response [2]. 
Astrocytes, in and surrounding the demyelinated area, show activation, characterized by 
a hypertrophic morphology and can evolve (in chronic-active or inactive MS white matter 
lesions) into astrocytic scars [3]. Yet, seminal papers by Peterson et al. (2001) and Bø et al. 
(2003) [4, 5], have shown that the glial response characterizing white matter lesions is largely 
absent in grey matter lesions. This is likely associated with the relative paucity of infiltrated 
leukocytes (i.e. macrophages/monocytes, T-cells and B-cells) in grey matter lesions. While 
these findings are of significant importance, not many other studies have since focused on 
the differential glial response in white and grey matter lesions by directly comparing the two 
areas. In this thesis, we aimed to further explore the difference(s) in glial cells in white and 
grey matter lesions and possibly elucidate mechanisms which could explain these differences. 
We chose to focus not only on biochemical differences in cell responses but also to study the 
biomechanical properties of white and grey matter microglia and astrocytes. The field of glial 
cell biology today is rapidly evolving, showing consistently the crucial role of glial cells in both 
the healthy and the diseased brains. However, in order to construct a model for glial activation 
in both MS white and grey matter lesions, several topics remain to be further investigated. 
Here, some of these topics will be discussed and reflected upon.

Determining glial cell signatures of homeostasis and disease

Glial cells are crucial in maintaining brain homeostasis. With their extensive processes, 
astrocytes and microglia monitor the local environment for possible pathogens, prune 
excessive synapses [6, 7], modulate synaptic transmission [8] and maintain blood-brain 
barrier function [9, 10]. It is when brain homeostasis is disturbed, by e.g. pathogens or disease 
that a prominent glial cell response is observed. Whereas the morphological and functional 
changes occurring in activated microglia and astrocytes are obvious, the signature of the 
homeostatic phenotype of glial cells is under debate. Identification of glial (sub)types is of 
interest for e.g. modulating glial function in vitro or in animal models. It has become clear that 
there is enormous heterogeneity in glial cells, morphologically and biochemically. This makes 
it difficult to extrapolate a core set of genes or proteins expressed by all microglia or astrocytes 
(see e.g. [11, 12]). Different (sub)types of microglia and astrocytes have been identified in 
healthy brains, aging brains and brains of patients affected by neurological [13] or psychiatric 
diseases [14]. The term ‘homeostatic’ microglia is often used for microglia expressing 
transmembrane protein (TMEM)119 or purinergic receptor P2Y12 (P2RY12). The discovery 
of these two markers differentiating brain-native microglia from peripheral monocytes/
macrophages [15-17] has been crucial for research into the role of microglia in MS. Studies in 
animal models have previously shown that during white matter demyelination, a population of 
Lyc6+ peripheral monocytes enters the brain [18]. However, until the discovery of TMEM119 
and P2RY12 as microglial specific proteins, there were no markers available differentiating 
monocytes/macrophages from microglia in the human brain. Subsequently, it was found that 
TMEM119 and P2RY12 expression is reduced in demyelinating white matter MS lesions [19]. 
As it has been established that microglia have a robust potential to retain their homeostatic 
signature [17], it was hypothesized that microglia disappear from the demyelinating white 
matter while monocytes/macrophages infiltrate the area [19].

In our observations on human post-mortem isolated microglia, TMEM119 and P2RY12 mRNA 
expression was regulated by both pro and anti-inflammatory cytokines. Of these, interferon-γ 
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and interleukin-4 were present in demyelinating white matter lesions but not in grey matter 
lesions (chapter 5). When these cytokines are absent (i.e. in grey matter lesions or in preactive 
lesions) sustained expression of TMEM119 and P2RY12 is present. Thus, this suggest that 
within white matter lesions, microglia are still present, but with reduced or absent expression 
of TMEM119 and P2RY12. Interestingly, we observed continued expression of especially 
TMEM119 in the cells in the rim of the lesion. This occurred in both active and chronic-active 
white matter lesions, as well as in one rare case of active grey matter demyelination. This 
raises a question about the status of these microglia: though they express TMEM119 and 
to a lesser extend P2RY12, they feature a more activated, sometimes amoeboid phenotype 
suggesting microglial activation. This is in contrast to the proposed homeostatic status of 
TMEM119+/P2RY12+ microglia. Whereas TMEM119+ or P2RY12+ expressing cells can 
be considered brain-native microglia, the homeostatic, resting phenotype of these cells is 
questionable. The sustained, increased number of microglial cells in the rim of these lesions, 
even after inflammation has subsided, does suggest a continued microglial activation. Indeed, 
in recent years, gene expression analyses have revealed several clusters of microglia which 
showed continued gene expression or induction of either TMEM119 or P2RY12 depending 
on the type of inflammation or phagocytic capacity of the microglia [20]. The presence of 
TMEM119 and P2RY12 thus seems to be more indicative of a particular microglial status, then 
just being homeostatic, of which the exact function remains unknown. However, the function 
of P2RY12 has been to some extend elucidated in recent years, showing that the P2Y12 
receptor is involved in the sensing of ATP and subsequent extension of microglial processes 
to damaged cells [21] and vascular damage, thereby maintaining blood-brain barrier integrity 
[10]. The function of TMEM119 is still largely unknown. Therefore, it could be of interest 
to study why brain-native microglia express TMEM119 (and P2RY12) and why in filtrated 
monocytes/macrophages do not. Possibly, this could help in differentiating the functions 
of microglia and infiltrated macrophages in the brain. Indeed, a difference in ADP invoked 
intracellular calcium responses between P2YR12+ microglia and macrophages has been 
observed, which was attenuated by the presence of a P2RY12 antagonist [22], suggesting 
a role for P2RY12 in intracellular calcium signalling responses which may be different in 
microglia and macrophages as macrophages do not express P2RY12. Alternatively, markers 
specific to monocytes/macrophages (i.e. not expressed by microglia) could be used in order to 
gain more insight into the ratio of microglia or infiltrated monocytes/macrophages within white 
and grey matter lesions. To date, there have been no data from post-mortem human material 
utilizing a bone-marrow derived macrophage specific marker to study this issue.

In contrast to microglia, currently there has been no general cell marker identified for 
(homeostatic, mature) astrocytes. Markers used to identify astrocytes such as glutamine 
synthetase (GS), S100B and glutamine-transporter 1 (GLT-1) often show overlap in expression 
with e.g. oligodendrocytes or neurons in FFPE brain tissue [23-26]. Therefore, glial fibrillary 
acidic protein (GFAP) is still considered the golden standard for identification of astrocytes. 
However, also GFAP shows regional heterogeneity in expression: Especially in the grey matter, 
not all astrocytes express GFAP at a high level [27, 28]. Recently, sequencing data from adult 
mouse cortex and hippocampus has confirmed region specific astrocyte subtypes [11], in 
addition spinal cord astrocytes show distinct gene expression compared to fore and hindbrain 
astrocytes [29]. Sequencing data from human astrocytes is still sparse as it has proven to be 
difficult to isolate viable astrocytes from e.g. post-mortem human material. It has been shown 
that human astrocytes are considerably more complex than rodent astrocytes [27], making 
them difficult to isolate without inducing cell death. Therefore, it remains to be seen to which 
extent rodent astrocyte data is applicable to humans. Astrocyte heterogeneity may be even 
more complex than microglial heterogeneity. Data from calcium imaging studies have already 
identified several subtypes of astrocytes within specific cortical areas [30]. Thus, whereas it 
is clear that considerable astrocyte heterogeneity exist, and that astrocytes play an important 
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role in normal-brain functioning, we are still far away from a complete understanding of these 
cells within the human brain. Maybe because of these difficulties and the lack of additional 
astrocyte markers other than GFAP of which antibodies are available that can be used in 
FFPE brain tissue, the astrocytic response in MS remains understudied. Recent studies on 
the astrocytic response in MS have found that white matter astrocytes of MS patients show 
decreased expression of NRF2 induced by GM-CSF released by infiltrated T-cells. Reduced 
expression of NRF2 in turn is exemplary of DNA methylation programming of astrocytes into 
a state exacerbating neuro-inflammation which is thus spurred on by infiltrated T-cells [31]. In 
addition, in the EAE mouse model of MS, astrocytes in areas most affected by EAE (i.e. the 
spinal cord) show distinct gene expression compared to the fore and hindbrain which are less 
affected [29]. Consequently, reducing astrocyte activation in the EAE model leads to a reduced 
inflammatory environment and increased remyelination [32]. However, the EAE model of MS 
does not feature grey matter demyelination. In human post-mortem tissue, astrocyte reactivity 
as observed in the white matter lesions is not present in grey matter lesions [33]. Thus, though 
we have collected various pieces of evidence for a different astrocytic response between the 
two brain areas, and it has already been shown that astrocyte scarring and deposition of ECM 
proteins is absent in the grey matter lesions [34], we have thus far not been able to connect the 
dots on what this would mean for MS pathology, especially in the grey matter. Do astrocytes 
not play a role in MS grey matter pathology? Absence of astrocytic scarring and deposition 
of ECM proteins does not necessarily mean absence of an astrocytic response. In chapter 
2, we presented gene expression data of normal-appearing and demyelinated grey matter 
revealing differential regulation of astrocyte related genes compared to normal appearing or 
demyelinate white matter, indicating differential astrocytic responses in demyelinated white 
and grey matter and providing possible new markers which can be used to identify astrocyte 
(sub)types in MS lesions.

Our approach to use gene expression data to gain more insight into possible astrocytic subtypes 
relevant for MS fits within a current boom of RNA-sequencing data currently generated. The 
advent of bulk RNA-sequencing of isolated cells as well as single-cell sequencing techniques 
has greatly improved the understanding of glia and their role in disease. Single-cell RNA-
sequencing especially has contributed to the identification of patterns of glial gene expression, 
dividing glial subsets in clusters which may show increased or decreased expression 
depending on the status of the brain (e.g. diseased versus healthy). There has been an 
increasing amount of papers describing microglial sequencing data in diseased brains such 
as MS and Alzheimer’s disease (AD) compared to control/healthy brains (see chapter 3 
for an overview of these papers). In order to gain more understanding on the current state 
of the microglial sequencing field, we studied the overlap in reported differently expressed 
microglial genes between papers investigating microglia gene expression in MS or AD brains 
or mouse-models compared to control/healthy brains (chapter 3). We observed a limited 
overlap in reported genes between mouse models for AD or for MS, between human studies 
and also limited overlap between mouse-model and human studies. Though this low overlap 
in reported genes is very likely related to different experimental set ups, we also observed 
other factors affecting the overlap in reported genes. Most notably, our results were influenced 
by the number of genes reported within the papers. Overall, papers reporting a high number 
of genes were more likely to show overlap in reported genes with other papers, which was 
independent of the experimental set up used. Thus, to facilitate comparisons among readily 
available RNA-seq data within papers, authors could consider limiting the selection criteria 
to report a gene in the paper or supplementary materials as much as possible. In addition, 
we observed that data from animal models of MS or AD often showed very little overlap with 
data from human tissue. Some caution is therefore required when using animal data to make 
inferences about microglia in human tissue. It is no news that animal models of MS and AD 
do not recapitulate all pathology present in human tissue. Animal models often mimic specific 
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pathological events such as the formation of amyloid beta plaques [35] or the T-cell mediated 
autoimmune response of MS [36]. However, in papers describing sequencing data of these 
models, we observed that pathology of the animal models used is often poorly reported 
making it difficult to assess which pathological event may be responsible for the microglial 
gene signatures found. In order to facilitate the interpretation of microglia sequencing data, 
more extensive reporting of the pathology present could help other researchers to better 
understand what the data represents.

What determines glial subtypes?

Glial heterogeneity between brain regions, and especially between white and grey matter 
suggests that in an event such as demyelination , local glial cells can react differently, thereby 
leading to a regional specific outcome. Whereas studying gene or protein expression, or 
morphology can identify sub-populations of glial cells, it cannot tell us how these subpopulations 
develop. Is a population of cells defined by their gene/protein expression really representative 
of a subpopulation specific to a certain anatomical region? Or is this population responding 
(i.e. changing gene/protein expression) to a different local environment, but in origin has the 
same genotype? These questions are currently difficult to answer, however, for the research 
presented in this thesis, these questions are highly important. White and grey matter can be 
considered distinct regions, comprising of a completely different cellular and extra-cellular 
composition which likely influences the local glial response.

Already during development, different populations of microglia [37] and astrocytes [38] are 
present within the brain. It is likely that they are related to the specific function glial cells have 
in different brain areas during development. For example, it was found that neurons in the 
cortical layer V require microglia to survive [39]. Experiments have shown that both microglia 
and astrocyte respond differently when in close contact with neurons: More than two decades 
ago, it was shown that in vitro astrocyte morphology is modulated by neuronal contact or 
through GABA released by neurons [40]. In addition, neurons enhance astrocyte TGF1 
signalling through activation of Smad, driving astrocyte precursors to a more differentiated 
astrocyte phenotype [41]. Furthermore, there have been several factors and microglial 
receptors described mediating the interaction of neurons and microglia such as fractalkine 
(CX3CL1) and the fractalkine receptor (CX3CR1) [42], CD200 and its receptor (CD200R) [43], 
and CD47 and SIRP [44]. Evidence from these interacting partners points to a possible anti-
inflammatory or modulating effect of neurons on microglia, e.g. a decrease in neuronal CD200 
leads to increased microglial activation [45]. Grey matter atrophy related to neuronal loss in 
MS is associated with long-term disability [46] and to deficits in cognitive functioning [47]. 
Thus preventing neuronal loss is likely of high importance for brain health. Microglia in the 
grey matter have shown to extensively interact with neuronal cell bodies, monitoring neuronal 
health, which are present in the grey matter only [48]. As it is known that microglia migrate to 
their respective anatomical locations already early on in development [49], it seems likely that 
the presence of neurons has a large influence on microglial functioning which could lead to 
grey matter specific microglia. Evidence for a differential inflammatory response in white and 
grey matter like microglia is also evident in this thesis. In chapter 2 we show differential gene 
expression of microglia related genes in both demyelinated and normal appearing white and 
grey matter indicating that already preceding demyelination, the microglia population may be 
different or shows different inflammatory activity. Moreover in chapter 7 we find that already 
at baseline, white and grey matter derived microglia show different biomechanical properties. 
In addition, we show that whereas both white and grey matter derived microglia showed 
increased mRNA expression of Il-1 and Il-6 after treatment with LPS, grey matter derived 
microglia specifically increased Tnfα mRNA and Hla-dr mRNA which is much less prominent 
in white matter derived microglia, indicating again that the response to inflammation in white 
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and grey matter derived microglia may be different, possibly related to the fact that during 
development, grey matter derived microglia were in the presence of neurons which may have 
had lasting effects on their functioning [50].

In contrast to the grey matter, the white matter is highly enriched in myelin. It has been shown 
that when myelin is injected into the grey matter, microglial activation similar as observed 
in the white matter is visible [51]. This would suggest that in the event of demyelination, 
the abundance of myelin in the white matter controls the microglial response. In chapter 7 
we observed similar mechanical and biochemical changes in white and grey matter derived 
microglia when incubated with myelin. Both showed similar levels of myelin phagocytosis 
and became significantly less elastic and viscous when incubated with myelin, indicating a 
potential role for the environment in determining their response to myelin debris. Meaning that 
if grey matter microglia would be placed in the white matter, they would respond similarly to 
white matter microglia when it comes to the phagocytosis of myelin debris. Although in white 
matter lesions it has been shown that microglia phagocytose myelin debris, in grey matter 
lesions, round phagocytosing microglia are rarely observed. Though in the grey matter there 
is indeed less myelin debris to clear, still, myelin debris seems to be cleared from the cortical 
parenchyma through the meninges and less trough phagocytosis [52]. The absence of nearby 
meninges and an abundance of myelin could be a rate-limiting step in the elimination of myelin 
debris in the white matter, eliciting the help of infiltrated macrophages for phagocytosis of 
myelin debris which is not observed in the grey matter.

As previously discussed, in chapter 5 we observed differential immunoreactivity for TMEM119 
and P2RY12 depending on the presence or absence of infiltrated lymphocytes. In chapter 
2, we observed a selective increased gene expression and immunoreactivity for PLSCR4 
in the demyelinated white matter. It has been shown that PLSCR4 can interact with CD4 
expressed by T-cells [53]. Furthermore, astrocytes can limit T-cell proliferation by modulating 
the differentiation of CD4+ T-cells to T-helper-1 cells [54] thereby mitigating CNS autoimmunity 
[55]. The increased expression of PLSCR4 thus suggest an astrocytic response to infiltrated 
T-cells and an example of modulation of the astrocytic response in the white matter by 
infiltrating T-cells, absent in the grey matter. Exactly why there is a paucity of infiltrated 
leukocytes in the demyelinated grey matter remains an important unanswered question. It has 
been shown that in demyelinated grey matter, there is lower expression of CCL2, an attractant 
of peripheral immune cells indicating that grey matter astrocytes cells do not call for peripheral 
cells [56]. However, why this is the case is still not fully understood. In addition, it could be 
that the grey matter blood-brain barrier (BBB) is different than the BBB in the white matter, 
and is more restrictive hindering infiltration of leukocytes. We report a possible indication for 
this theory in chapter 2, where we report differential gene expression of CLDN10 (see the 
Supplementary Data), a tight junction protein [57] expressed by astrocytes which is increased 
in demyelinated grey matter and decreased in the demyelinated white matter. Possibly this 
differential expression of CLDN10 in white and grey matter astrocytes may indicate differential 
regulation of the blood-brain barrier function, however further research is needed to elucidate 
such a function of CLDN10. In addition, it remains of importance to disentangle the response 
of glial cells in the presence of lymphocytes and the glial cell response preceding infiltration of 
lymphocytes. We found that the presence of infiltrated lymphocytes can have a significant effect 
on the glial response and thus could ‘mask’ the glial response to events preceding lymphocyte 
infiltration such as the initial event of demyelination as proposed by the inside-out hypothesis 
[58]. Studying the microglial response in the grey matter could provide indications of the 
microglial response in the white matter before the infiltration of peripheral cells. For example, 
in chapter 1.1 we observed increased gene and protein expression for genes (i.e. ITGAX, 
SALL1) in the demyelinated grey matter which were also higher expressed in (demyelinated) 
white matter whereas other more commonly found genes such as e.g. CD163 were increased 
in the white matter only. It could be that genes higher expressed in the de myelinated grey 
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matter are more indicative of a microglial response to demyelination, whereas genes higher 
expressed in the demyelinated white matter more indicative of a microglial response induced 
by infiltrated leukocytes.

Biomechanical properties of glial cells, a new avenue for glial research?

In chapters 6 and 7, we present two studies investigating the biomechanical response of 
cells to different stimuli. We show that using indentation of cells, we can accurately measure 
both the elasticity and viscosity of living cells in vitro. In contrast to techniques such as atomic 
force microscopy (AFM) our set up allowed us to use different types of probes for indentation, 
measure at specific depths depending on cell type, and indent using an oscillating probe, 
thereby measuring more accurately the viscous cell component (reflective of cytoplasma 
volume) as well as the elastic component (reflective of the cytoskeleton). We observe that 
using this measure, we could detect biomechanical differences between white and grey 
matter derived glial cells at baseline and to inflammatory stimuli, even after a prolonged period 
in culture ( 5 days). These findings highlight the recent proposals that mechanical forces and 
responses are crucial in brain functioning and may be interesting new targets. Several lines 
of research have shown in recent years the important role of biomechanical cues in the brain: 
During development, mechanical cues guide neuronal projections [59], something which may 
be interesting to model also in MS to possibly counteract neuronal loss due to demyelination 
and subsequent Wallerian degeneration. Similarly, as it has been shown that neurons 
prefer to grow on softer substrates, the softening of grey matter derived astrocytes when 
incubated with an inflammatory mediator, could indicate a protective response for neurons 
during inflammation [60-62]. The presence of sclerotic plaques from which MS derives its 
name, can form a mechanical barrier to neuronal and tissue regeneration as it has been 
shown that neuronal prefer soft substrates [63]. Indeed, it has been found that chronic-active 
MS lesions are much stiffer than their surroundings [64] possibly inhibiting axonal outgrowth 
or remyelination. Understanding the role of mechanics in these processes could guide new 
treatments for i.e. improved remyelination or prevention of neuronal degeneration. In addition 
to mechanical cues from the environment to which cells may respond, cells themselves also 
have biomechanical properties which may influence cell functioning: It has been shown 
that in T-cells and B-cells, mechanical properties determine the ability of the cell to present 
antigen [65, 66].This may also be of relevance for microglia as it has been shown that they 
too can present antigen [67]. Differences in microglial mechanical responses, driving antigen 
presentation (as observed in chapter 7), could possibly explain the lack of infiltrated leukocytes 
in demyelinated grey matter compared to demyelinated white matter. It has been shown that 
antigen presentation through an antigen presentation complex is dependent on cytoskeletal 
remodelling. We argue in chapters 6 and 7 that changes in cell elasticity could reflect local 
cytoskeletal remodelling. Thus, it could be that the mechanical differences we find in white 
and grey matter derived microglia may be related to the formation of an antigen presenting 
complex [65]. Indeed, we found that grey matter derived microglia showed increased 
expression of Hla-dr when incubated with LPS or myelin (indicating antigen presentation) 
which was absent in white matter derived microglia. Differences in cell biomechanical proper 
ties between different immune cell subsets have been shown before [68] and thus could be 
indicative of immune function. In addition, it has been shown that biomechanical changes 
in cells may be reflective of the migratory capacity of immune cells [69, 70]. We observed 
that white matter microglia when treated with LPS decreased their elasticity and viscosity, 
possibly reflecting an increased capacity to migrate to a site of injury [69]. Much remains to be 
elucidated about the role of biomechanical signalling of cells themselves, and the interaction 
of cells with changing mechanical environments (i.e. differences in tissue stiffness). However, 
our results show that the biomechanical signature of cells can reveal cellular subtypes and 
can have possible consequences for their functioning which may be relevant for disease.
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The origin of MS and discovering a cure

Thus far, the focus of this discussion has been on glial cells within demyelinating or 
demyelinated areas or in still myelinated, normal appearing areas. However, the possible role 
of glial cells in the primary pathological observation of MS: loss of myelin from the axon has not 
been discussed. In the recent years there has been ongoing debate on the pathological origin 
of MS, divided into outside-in mechanisms or inside-out mechanisms. With the identification 
of infiltrated myelin reactive T-cells in the brain parenchyma, it has long been thought that MS 
was an autoimmune disease resulting in demyelination (outside-in). It was found that when 
rodents were injected with myelin oligodendrocyte glycoprotein (MOG) and an immune system 
triggering adjuvant, they mounted a response to myelin by inducing infiltration of lymphocytes 
and production of MOG-directed antibodies, resulting in demyelination as is visible in white 
matter lesions of human patients [71]. With that, research focused on finding antibodies which 
could be responsible for the autoimmune response observed in MS. It soon became clear that 
subtypes of patients exist with serological antibodies against i.e. MOG or aquaporin 4 (AQP4), 
however these patients do not always present with MS. Rather they can present with acute 
disseminated encephalomyelitis (ADEM), neuromyelitis optica (NMO) or other demyelinating 
diseases [72]. Thus, the presence of autoantibodies is not specific to MS, in fact most patients 
with a clinical diagnosis of MS do not show serological antibodies to MOG [71]. The lack of 
a known, specific autoantibody in MS could suggest that MS is not a genuine autoimmune 
disease and has led to alternative ideas on how MS pathology originates. There are indications 
that MS pathology may start from inside of the brain. Evidence for an inside-out mechanism of 
MS comes from studies reporting pre-active microglial nodules surrounding axonal damage in 
still myelinated white matter, preceding infiltration of lymphocytes [73]. In addition, blistering of 
myelin from the axon accompanied by events such as altered distribution of sodium channels 
has been recently observed in the MS normal appearing white matter [74] suggesting defects 
in the myelin-axon unit.

Though glial cell dysfunction is not thought to be the primary cause of MS, studying glial cells 
(either microglia or astrocytes) may provide arguments for both the inside-out and outside-
in theories. For example, if we assume MS originates inside of the brain (e.g. by defects 
in the myelin-axon unit), microglial nodules surrounding damaged axons could indicate 
microglia reacting to a potential loss of myelin. Subsequently, (perivascular) macrophages 
may be recruited into the early demyelinated site to help clear myelin debris. When these 
(perivascular) macrophages leave the brain parenchyma, they may present myelin as antigen 
to circulating lymphocytes, inducing an immune response. As the grey matter features a lower 
abundance of myelin, microglia may not need to recruit (perivascular) macrophages to clear 
myelin debris, or they may not need to as myelin can be cleared by the meninges. However, 
myelin clearance through the meninges could also induce a lymphocyte response to myelin 
as it is known meningeal infiltration of lymphocytes can be present at early stage MS [75]. 
In this scenario, but also for an outside-in scenario, blocking the entrance of lymphocytes 
will provide more time for microglia and perivascular macrophages to clear the myelin 
without being affected by infiltrated lymphocytes which may skew their response to an even 
more inflammatory phenotype. Current new treatment strategies are based on depletion of 
lymphocytes or hindering access of lymphocytes into the brain parenchyma. Though blocking 
the lymphocyte response may not target the first step in MS pathology, it has been shown 
that the advent of these new therapies has led to better life expectancy and lower clinical 
disability in the MS population [76], indicating somewhat of a success. Yet still, these data also 
show that, though it takes a longer time, progression from RRMS to SPMS remains ongoing 
indicating that there is a continuation of the disease pathology which is not hindered by current 
drug therapies. It may be an interesting idea to target glial cells as an add-on to current 
lymphocyte blocking strategies. Targets could include mechanisms to increase the ability of 
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glia to maintain brain homeostasis such by increasing the capacity of microglia to clear myelin 
without recruitment of (perivascular) macrophages, prevention of astrocytic scarring after 
ongoing demyelination and axonal damage or by preventing blood-brain barrier permeability.

The role of the meninges in MS pathology

As already described in this discussion, the meninges may play an important part in MS 
cortical pathology. Closely surrounding the cortex, the meninges may be crucial in the removal 
of myelin debris from the grey matter or may be an inducer of grey matter demyelination. It 
has been suggested that soluble factors (e.g. cytokines or an unknown factor) secreted by 
meningeal lymphocytes are sensed by cortical microglia [77] inducing cortical inflammation 
and increasing astrocyte reactivity [78]. Whereas the correlation of meningeal inflammation 
with glial cell reactivity is by now relatively clear, the correlation of meningeal inflammation and 
demyelination is less clear. The hypothesis of soluble factors inducing microglial activation 
thus far is not able to explain how these factors subsequently induce demyelination. It may 
be that increased cortical inflammatory activity is needed for the induction of demyelination: 
It was found that in a new animal model of cortical demyelination the combination of EAE 
induction with locally injected cytokines (TNF and IFN) was needed to induce cortical 
demyelination, neither was sufficient by itself [79]. However, it has been shown that subpial 
de myelination can occur independent of meningeal inflammation [80] and that meningeal 
inflammation and glial activation is present only in a subset of cortical (subpial) lesions, even 
early in the disease [81]. In addition, there was no correlation found between leptomeningeal 
signals and cortical demyelination using 7 Tesla MRI in living patients [82]. This raises the 
possibility that meningeal inflammation may be transient, and may thus not always be visible 
in all patients. It may be that, rather than meningeal inflammation inducing demyelination, 
(cortical) demyelination induces meningeal inflammation: Local loss of myelin in the cortical 
areas may be removed through the meninges, attracting lymphocytes, causing meningeal 
inflammation. The inflammation of the meninges may in turn activate local microglia throughout 
the cortex. In this case, meningeal inflammation does not have to be spatially related to 
cortical demyelination. Draining of myelin debris through the meninges may provide ample 
space for lymphocytes or macrophages to come into contract with myelin. Though this theory 
may be difficult to corroborate with results from the new EAE model for cortical demyelination, 
much remains unclear about the exact mechanisms in this model. In addition, this model 
operates on the assumption that MS is caused by an autoimmune response. However, recent 
research has now found infiltrated CD8+ cells also in the cuprizone model of MS [83], for 
which it also has been shown that microglia are the main cells to induce demyelination [84]. 
These new data provides further possibly evidence for an inside-out cause of MS which may 
induce subsequent auto-immunity [83]. Unfortunately this study did not asses possible cortical 
demyelination with or without infiltration of CD8+ cells in either the parenchyma or meninges. 
In order to assess the possibility of meningeal inflammation being induced by demyelination 
instead of vice-versa, more research is needed, possibly also using the cuprizone model.

What can microglia in the MS cortex teach us?

We have observed that the expression of i.e. TMEM119 and P2RY12 in grey matter lesions 
and preactive white matter lesions (i.e. where no infiltration of lymphocytes is present) is 
highly similar. In order to study a glial response in MS lesions not affected by the presence of 
infiltrated leukocytes, we thus suggest that grey matter lesions are of interest. The role of glia 
in grey matter lesions has long been characterized mainly by observing an absence of events 
compared to the glial response in white matter lesions. Yet, it has become clear that microglia 
and possibly astrocytes in the demyelinated grey matter do respond and can become more 
activated, although their gene expression profile is different from activated glial cells in white 
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matter lesions (as also shown in chapter 2 and 5). A recent study combining positron emission 
tomography (PET) with a ligand for 11C-PBR28 paired with 7 Tesla magnetic resonance 
imaging (MRI) showed increased ligand binding for TSPO, in both RRMS and SPMS patients. 
Though TSPO has been long assumed to be indicative of pro-inflammatory microglia 
activation, recent research has shown that increased TSPO is associated with increased glial 
cell numbers in the MS brain [85]. Interestingly, increased TSPO signal in the cortex of RRMS 
patients has been associated with demyelinated cortical areas, whereas increased TSPO 
signal in the brains of SPMS patients was observed in the whole cortex (both demyelinated 
and normal appearing) [86]. Thus, possibly in early stages of the disease, increased glial cells 
numbers (as indicated by increased TSPO signal) may be present in grey matter lesions, 
but in later stages of the disease, this phenomenon is not restricted to de myelinated areas 
only. These data correspond to post-mortem immunohistological observations of tissue from 
mostly SPMS and PPMS patients where we often observe increased glial activation in MS 
patients compared to control participants, but no increase in activated glia in demyelinated 
areas compared to normal-appearing cortical areas within MS patient material (unpublished). 
Indeed, most post-mortem studies feature tissue primarily taken from SPMS or PPMS patients 
and less from RRMS patients which could explain the lack of difference in glia activation 
of numbers between demyelinated and normal appearing grey matter. Though these data 
may suggest that cortical grey matter pathology primarily arises early in RRMS pathology, 
previous pathological studies do show an increase in grey matter pathology in SPMS patients 
compared to RRMS patients [87], suggesting ongoing grey matter demyelination also later in 
the disease. Instead, the authors of the PET-MRI study [86] suggest that glia activation in the 
cortex could be related to induction of tissue regeneration (i.e. remyelination) in the cortex 
which then spans more demyelinated tissue in later SPMS stages of the disease. Indeed, it 
has been found that remyelination of axons is much more prominent in grey matter than white 
matter [88]. In chapter 2 we present gene expression data of demyelinated grey matter where 
we observe that a large part of the genes showing highest expression in grey matter lesions 
are expressed by microglia which would support a role for microglia in grey matter pathology. 
Yet, these genes were not highly expressed in (chronic-active) white matter lesions included 
in the same study, suggesting that the microglial response in grey matter lesions is different 
than observed in white matter lesions. Based on the previously discussed PET findings and 
the fact that remyelination occurs more often in grey matter areas, it could be that microglia 
related genes highest expressed in grey matter lesions are indicative of a microglial response 
facilitating remyelination and tissue repair instead of propagating inflammation. Indeed, genes 
found regulated such as ITGAX are known to respond to inflammation, but are also found 
highly expressed in remyelinated areas after cuprizone induction [89]. In addition increased 
expression of SALL1 in grey matter lesions indicate a more anti-inflammatory status of 
microglia [90]. Indeed it has been found that microglia can respond to inflammation with tissue 
repair: it has been shown that when there is a strong inflammatory response in the cortex 
induced by a cytokine injection, this ultimately leads to microglia pruning defective synapses 
and restoring homeostasis [91]. As microglia in white matter lesions are likely significantly 
affected by not only demyelination but also the presence of infiltrated lymphocytes, it could 
be that the microglia pro-inflammatory signature observed in post-mortem material is more 
related to their response to lymphocytes, increasing inflammation levels by i.e. secretion of 
cytokines such as IL-4 and IFN (as postulated in chapter 5) than demyelination itself. This 
could explain the relative higher efficacy of new drug therapies specifically hindering entrance 
of lymphocytes into the CNS.

Yet, over time, inflammation in MS persists and remyelination fails. In chapter 4 we postulated 
that much of the cortical damage observed in MS may be caused by microglia. Indeed, 
recently it was shown that in the cuprizone model of MS, it is microglia, not leukocytes that 
induce demyelination [84].This seems in conflict with a role for microglia in tissue repair 
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and remyelination. Yet, a dual role for microglia in MS has long been established [92]. De 
pending on the stage of disease or pathology, microglia may play different roles. As the 
effector immune cells of the brain, their first reaction may be pro-inflammatory, switching later 
to an anti-inflammatory response to resolve the inflammation. It is when this switch cannot 
be made that microglia may be detrimental to their environment and participate in sustaining 
inflammation instead of i.e. tissue repair [93]. Indeed, in chapter 4, we focus on evidence 
indicating a destructive role for microglia early in the formation of grey matter lesions and 
during sustained inflammation. However, for most other studies presented in this thesis, we 
rely on post-mortem material from progressive patients, where inflammation may have largely 
subsided, but where still, tissue repair may not be possible anymore. Even when microglia 
are tuned to a more regenerative phenotype. Sustained low-grade brain inflammation and 
microglial activation have been proposed to be responsible for the continuing brain atrophy 
seen at the later stages of RRMS and SPMS proposed to be a ‘silent progression’ phase [94]. 
Sustained brain inflammation even when entrance of lymphocytes into the CNS is hindered 
by i.e. administration of second-line treatments could be due to a compartmentalized immune 
response driven by tissue-resident CD8+ T and B cells which remain within the perivascular 
space of the lesion [95]. It is postulated that the inflammatory environment is maintained by 
soluble factors secreted by these tissue resident lymphocytes as the main antibody against 
myelin is still not found [95]. This is reminiscent of the proposed role of meningeal lymphocytes 
in cortical pathology (as discussed previously).

The field of MS research is not the only field interested in the role of microglia in the grey matter. 
In recent years a substantial number of studies has focused on a role of microglia in other 
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and 
amyotrophic lateral sclerosis (ALS). Especially in the field of AD, several subtypes of microglia 
have been identified, mostly in mouse models. There are by now a couple of studies reporting 
microglial expression of GWAS identified risk genes for i.e. AD [101-103], all thus concluding 
that microglia may be of interest to further study for these specific diseases. However, taken 
together, the current literature on microglial activation in neurodegenerative diseases could 
be more suggestive of a common shared microglial signature to neurodegenerative events in 
the grey matter, whether induced by demyelination, neurodegeneration or by defective protein 
accumulation. For example, we observed that representative genes for the two subtypes of 
microglia described by Gerrits et al (2021) in response to A (e.g. ITGAX) or tau pathology (e.g. 
GRID2) were also higher expressed in MS (demyelinated) grey matter (from unpublished 
data presented in chapter 2). It could also be that microglia subtypes present in various 
neurodegenerative diseases are due to the presence of shared pathologies. It is by now 
well known that i.e. AD and PD show extensive overlap in pathological features such as Aβ-
plaques, α-synuclein pathology and tau pathology [104, 105]. Thus, similar microglia subtypes 
present in these diseases would not be surprising. For MS, possible similarities in brain 
pathology are also reported such as presence of phosphorylated tau [96], α-synuclein [106] 
and potentially also Aβ [107]. These data highlight the crucial role of microglia in responding 
to brain damage. However, it may well be the case that microglia are more part of a secondary 
response to various primary neurodegenerative pathologies. Thus, targeting microglia or 
reducing inflammation caused by microglia may possibly not affect the primary pathology 
relevant for the disease. Instead, targeting microglia may possibly aid in reducing further 
damage. In order to study if there are disease-specific microglial functions, more cross-disease 
studies are needed comparing microglial activation between neurodegenerative paradigms. 
If the microglia signature is relatively similar between several neurodegenerative diseases, 
specifically targeting the damaging aspects of microglia could be of interest as a type of add-
on strategy, reducing the possibility of increased damage from several neurodegenerative 
primary pathologies.
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Main conclusions and future perspectives

In this thesis we have elaborated on early observations indicating that notwithstanding the 
presence of demyelination, white and grey matter lesions pathologically appear different [4, 
5]. Thereafter, our group has shown that the differential expression of CCL2 by astrocytes 
in white and grey matter MS lesions may contribute to this appearance [56]. The role glial 
cells play in neuropathological processes , i.e. in MS, has led us to further characterize the 
signature of glial cells among others in white and grey matter lesions of MS patients with 
a focus on combining histopathological findings with molecular techniques such as RNA-
sequencing and in vitro models of white and grey matter derived glial cells. The strength of the 
research presented in this thesis lies in the direct comparisons made between (demyelinated) 
white and grey matter, including glial cells from both areas, in every study. Taken together 
this thesis has exposed several important topics which need to be further elucidated to 
get a better understanding of glial function in both white and grey matter. Important topics 
discussed here include the interplay of environment and development in the formation of glial 
subtypes in white and grey matter, defining what are ‘homeostatic’ glial cell markers and more 
specific for MS pathology: better understanding of the glial response in the grey matter lesions 
particularly. Gaining more insight in these topics will not only aid in a better understanding of 
MS pathology, but likely also of the specific role of glial cells in non-diseased white and grey 
matter.

The main conclusions of this thesis are:

1) Demyelinated white and grey matter are defined by distinct expression patterns and 
different glial inflammatory responses.

2) Glial responses observed in white matter lesions are likely affected by the presence 
of infiltrated lymphocytes.

3) White and grey matter derived glial cells show distinct biomechanical properties at 
baseline and during inflammation which may be relevant for the differential pathology observed 
in demyelinated white and grey matter in MS.

Future perspectives

The research in this thesis is one step in the ongoing quest to untangle the possible subtypes, 
responses and functions of glial cells in (MS) white and grey matter. Whereas the recent 
years in glial biology could be defined by the advent of (single cell) sequencing techniques, 
currently the challenge is setting up model systems to further study and validate genes of 
interest found in sequencing studies. Considering the effect that the local tissue environment 
can have on glial function, modelling of local tissue in vitro is of considerable interest. 
Genes or proteins identified as specific to a certain glial population can then be studied to 
identify their characteristics. Current questions include: Are these genes influenced by local 
tissue characteristics? Are they regulated by the presence of neurons, thereby differentially 
expressed in the grey matter? Or are they not influenced by local tissue characteristics and 
maybe indicative of a homeostatic, global marker for certain glial subtypes? For instance, we 
found that microglial gene expression is different when cultured on poly-L-lysin, collagen or 
fibronectin at baseline and then treated with cytokines (unpublished data). New techniques 
such as RNA-sequencing or proteomics have generated large sets of genes or proteins of 
interest which could differ between brain regions, or between healthy and the diseased (i.e. 
MS) brain. With increased transparency on the specific pathological status of the tissue the 
sequencing data is derived from, and with increased accessibility of these data sets also for 
scientist less skilled in bioinformatics, subsequent in vitro or in vivo experiments addressing 
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these genes or proteins can be set up for validation, and understanding of gene or protein 
of interest mechanics, function and their relevance to disease pathology. Interesting new 
techniques which have recently taken flight include differentiation of (patient-derived) iPSC 
lines into neurons, microglia and astrocytes.

In addition to the generation of in vitro and in vivo models, alternative measures of cellular 
response should be taken into consideration. In this thesis we show that biomechanical 
measures of cells and the surrounding tissue could provide new insights into brain functioning. 
Techniques to measure cells and brain tissue have been optimized in recent years and thus 
could provide an added dimension to current readouts. In the future, modulating the tissue or 
cell biomechanical properties are especially of interest to increase the possibilities of neuronal 
regeneration and outgrowth. It has been well established that neurons prefer softer substrates, 
thus preventing astrocytic scarring and hardening of the local tissue could be a viable option in 
aiding tissue regeneration after inflammation.

Taken together with the advent of new gene expression data leading to the discovery of 
potential new glial cellular mechanisms and functions, and with new types of measurements 
for cellular responses, exciting new research is awaiting. Currently, treatment development 
and efficacy is mostly based on inflammatory demyelinated white matter, as these are readily 
visible on conventional MRI, whereas demyelinated grey matter is much less visible. Hopefully 
in the coming years, more insights into glial functioning in the healthy brain as well as in 
the MS brain are generated (especially concerning grey matter pathology), creating more 
opportunities to further unravel MS pathology, leading to novel targets that provide better 
therapies.
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Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the central nervous system 
(CNS). The disease is pathologically characterized by loss of myelin around axons, infiltration 
of peripheral immune cells, degeneration of axons and activation of local glial cells. These sites 
of damage within the CNS are also referred to as a lesion. Lesions can arise in various brain 
areas and thus lead to a very heterogeneous clinical presentation of MS, such as sensory and 
motor symptoms, as well as cognitive and psychiatric dysfunction. Clinically, MS often starts 
with a form of MS called relapse-remitting (RR) MS. In this form, periods of symptoms alternate 
with periods in which (partial) clinical recovery occurs. After a certain time, RRMS patients can 
progress into a phase with clinical disability progression without remission, referred to as 
secondary progressive (SP)MS. A smaller group of patients (estimated at 15%) present from 
the outset with persistent, worsening clinical symptoms without periods of recovery. This form 
of MS is referred to as primary progressive (PP)MS.

Pathological post-mortem tissue of-patients with MS, shows that the loss of myelin in the white 
matter coincides with a profound and marked inflammatory response of local glial cells and 
infiltration of peripheral immune cells. These white matter lesions can be classified based on 
the degree of inflammation visible from active (very high inflammation) to chronically active or 
mixed active/inactive (less inflammation in the center of the lesion but marked inflammation 
at the rim of the lesion e.g. smouldering lesions) to inactive (little signs of inflammation 
but a strong astrocyte response causing scarring of the tissue). In contrast to white matter 
lesions, gray matter lesions are categorized based on the location of the lesion and not 
their inflammatory status. A lesion that encompasses both white and gray matter is called a 
leukocortical (type I) lesion. Lesions that are only within the gray matter are called intracortical 
(type II) lesions, where a lesion that locates at the surface of the gray matter is called a subpial 
(type III or type IV) lesion. Historically, gray matter lesions have been relatively understudied 
because, unlike white matter lesions, they are poorly, or not all visible on MRI images made in 
the clinic. However, recent research has shown that gray matter lesions are present early in 
the disease process and may be related to disease progression, especially in the progressive 
forms of MS. However, in post-mortem tissue, grey matter lesions often do not feature the 
overt inflammation observed in white matter lesions. Whereas there is increasing knowledge 
on grey matter and white matter specific pathological events, it is unclear which pathological 
events (other than the event of demyelination) are shared or which are divergent between the 
two areas. In addition, much is known about the role of glial cells in white matter lesions, but 
less is known about glial cells in grey matter lesions. Thus, in this thesis our primary aims 
were: 

1)  Determine gene expression profiles of white and grey matter MS lesions and the 
usability of RNA sequencing data for further MS research.

2) Study microglia status in grey matter lesions compared to white matter lesions using 
post-mortem human MS tissue.

3) Explore the biomechanical properties of white and grey matter derived rodent glial 
cells.

Glial cells can be subdivided into microglia, astrocytes and oligodendrocytes. In this thesis 
the focus is mainly on microglia and astrocytes. Microglia are generally considered to be 
the local immune cells of the brain. In MS, microglia respond to myelin debris, clearing the 
myelin through phagocytosis and attracting other immune cells. However, in recent years it 
has been found that microglia have many more functions in the brain and that they are very 
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important for maintaining a healthy brain. In addition to microglia, the astrocytes also are very 
important for brain functioning. Astrocytes are especially important in supporting neuronal 
signal transmission, but they also form part of the blood-brain barrier, where they protect the 
brain from external influences. It is also known that astrocytes can form an astrocyte ‘scar’ in 
chronically active MS lesions. However, in MS many of the glial responses we see in white 
matter lesions are not detectable in gray matter lesions: microglia do not show activation as 
is visible in white matter lesions and astrocytic scarring is also absent. In this thesis, we will 
elaborate on cellular, molecular and biomechanical characteristics of microglia and astroglia 
that may contribute to the over pathological differences found between white and grey matter 
lesions

In chapter 2 gene expression data in laser-captured post-mortem MS material is presented 
of leukocortical lesions, namely demyelinated white and grey matter (which are both present 
within one leukocortical lesion) and of neighbouring normal appearing (still myelinated) 
grey and white matter. In this study, we show that the gene expression in white and grey 
matter demyelinated areas is very different, even when they are located within the same 
lesion. These data give insight into possible different disease processes ongoing in these 
regions in which inflammation-related genes are differentially regulated. Thus the differential 
inflammatory response observed in white and grey matter lesions may, at least partly, be due 
to different response of gray and white matter microglia and astrocytes and may be modulated 
by neurons present in the grey matter.

Chapter 3 features an overview and discussion of several studies reporting gene expression 
data from microglia isolated from animal models, or human post-mortem brain tissue of MS or 
Alzheimer’s disease. In this study, we wanted to gain more insight into the overlap in genes 
that are reported in these studies. Unexpectedly, we observed limited overlap in reported 
genes between papers featuring data of similar animal models or of papers reporting data of 
animal models compared to human tissue. This means that it can be difficult for other scientists 
to interpret which microglial genes are most relevant. In this chapter, we describe the actual 
overlap in gene expression between similar animal models of disease as well as the human 
disease itself. The low overlap in gene expression may be due to the variation in number of 
genes that are clearly mentioned within the main text or supplementary files of a study. In 
addition, it also appears that extensive information about the pathology present or absent in 
the animal model or human tissue used is often absent, making it difficult to place the data 
in context. By raising awareness about this lack of overlap and providing recommendations 
on how to increase the overlap, we hope to advance the glia field and ensure that gene 
expression data are easily accessible to every scientist.

Chapter 4 is a plea for the role of microglia in grey matter MS lesions.  As mentioned, 
research on gray matter lesions has taken a flight only relatively recent. Based on literature, 
we substantiate that microglia play a role in grey matter lesion formation which may be 
different from their role in white matter lesions. In line with chapter 4, we show in chapter 5 
that microglial cells in white and grey matter lesions differentially regulate their cell specific 
markers. By studying the expression of two novel microglia specific markers (TMEM119 and 
P2RY12) in white and gray matter lesions of post-mortem MS tissue and using cultured white 
and gray matter microglial cells, we observed that expression of TMEM119 and P2RY12 is 
downregulated by certain inflammatory markers often associated with infiltrating immune 
cells. This means that the lesion environment largely determines the homeostatic signature 
of microglia that are present, with microglia in white matter lesions losing their homeostatic 
phenotype in the presence of infiltrating immune cells, and microglia in grey matter lesions 
mostly retaining their homeostatic phenotype in the absence of infiltrating immune cells. 

In chapter 6 and 7, two studies are presented that aimed at determining the biomechanical 
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properties of glial cells under inflammatory conditions. Using an indentation based technique, 
we could measure the mechanical properties of individual living cells cultured in a dish. In 
addition to chemical signals, cells can produce and respond to mechanical signals that may 
be important for the functioning of the cell. For example, it has been shown that migrating cells 
are less elastic (and therefore more ‘deformable’) than cells that do not migrate. In chapter 
6 we use the indentation technique to measure the mechanical properties of astrocytes 
that are co-cultured with microglial cells. We determined that white and gray matter derived 
astrocytes have different mechanical properties when treated with an inflammatory agent, 
with gray matter astrocytes becoming significantly softer while white matter astrocytes do 
not change in their stiffness. We speculated that softer astrocytes might be a sign that gray 
matter astrocytes react in this way because they normally have to protect neurons, which 
have a strong preference for a softer environment. In the context of MS, these results are 
very interesting because it has been shown that chronically active white matter lesions, where 
neuronal connections can no longer be made, are much stiffer than the adjacent tissue. 
Possibly this indicates that the astrocytic scar in chronic-active white matter lesions which 
are notably harder than their surroundings may block neuronal regeneration or remyelination. 
In grey matter lesions, where this astrocytic activation is less prominent, softening of local 
astrocytes may in turn lead to a more neuro-supportive environment. 

In chapter 7, the mechanical properties of white and gray matter microglia co-cultured with 
astrocytes are studied. First we showed that even without treatment, white matter microglia are 
more elastic and more viscous than gray matter microglia. Even after treatment with a strong 
inflammatory agent, we observed significant differences in the two microglia populations, with 
gray matter microglia became more elastic and viscous (i.e. stiffer) while white matter microglia 
became much softer. This may indicate a different function of both cells under inflammatory 
conditions. To study this further, we also looked at the expression of certain genes and we 
found that gray matter microglia expressed more TNFα, a cytokine that is also produced by 
microglia when there is neuronal damage, in a possible response to protect the neuron. When 
we added myelin (both with and without inflammatory agent) we saw that both white and gray 
matter microglia softened, possibly due to the phagocytosis of the myelin requiring them to be 
flexible and change shape. These results indicate that white and gray matter microglia may 
differ mainly in their inflammatory response, and less in their capacity to phagocytose and in 
their response after myelin phagocytosis. Taken together, the studies these chapters indicate 
that studying the mechanical response of glial cells may lead to new insights and may be an 
interesting new field to explore.

In conclusion, these studies show that by directly comparing the glial response in white and 
gray matter MS lesions, we can gain new insights into the role of glial cells in MS. 

The main conclusions of this thesis are:

1) Demyelinated white and grey matter are defined by distinct gene expression patterns 
and different glial inflammatory responses.

2) Glial responses observed in white matter lesions are likely affected by the presence 
of infiltrated lymphocytes.

3) White and grey matter derived glial cells show distinct biomechanical properties at 
baseline and during inflammation which may be relevant for the differential pathology observed 
in demyelinated white and grey matter in MS.
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Samenvatting

Glia cellen in witte en grijze stof: 
relevantie voor multiple sclerosis?
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Multiple sclerose (MS) is een chronische neuro-inflammatoire aandoening van het centraal 
zenuwstelsel. De ziekte wordt gekarakteriseerd door verlies van myeline om axonen, infiltratie 
van immuun cellen, degeneratie van axonen en activatie van glia cellen. Lokaal verlies van 
myeline wordt ook wel een laesie genoemd. Deze laesies kunnen bijna over het hele brein 
ontstaan en kunnen daarom leiden tot een zeer heterogeen klinisch beeld. Patiënten met 
MS presenteren vaak met uiteenlopende symptomen zoals sensorische en motorische 
symptomen, cognitieve, en psychiatrische klachten. Klinisch gezien start MS vaak met 
een vorm van MS die ‘relapse-remitting’ (RR) MS wordt genoemd. Bij deze vorm wisselen 
perioden met veel klachten zich af met periodes waarin er (gedeeltelijk) klinisch herstel 
optreedt. Echter, na verloop van tijd nemen in een groot deel van de patiënten (ongeveer 
85%) de periodes van herstel af en is er ziekteprogressie waarneembaar waarbij klachten zich 
opstapelen. Deze vorm wordt aangeduid met secundaire progressieve (SP)MS. Een kleinere 
groep van patiënten (geschat op 15%) presenteert al vanaf begin af aan met aanhoudende, 
verslechterde klinische klachten zonder periodes van herstel. Deze vorm van MS wordt 
aangeduid met primaire progressieve MS (PPMS).

Pathologisch weefsel van MS-patiënten, afgenomen na overlijden (post-mortem), laat zien 
dat verlies van myeline in de witte stof wordt gekarakteriseerd door een heftige en duidelijke 
inflammatoire response van lokale glia cellen en infiltratie van immuun-cellen uit het bloed. 
Deze witte stof laesies kunnen worden ingedeeld gebaseerd op mate van inflammatie zichtbaar, 
van actief (zeer veel inflammatie) naar chronisch-actief (minder inflammatie in het midden van 
de laesie maar duidelijke inflammatie aan de rand van de laesie) naar inactief (geen duidelijk 
waarneembare inflammatie maar wel een sterke astrocyte response). In tegenstelling tot witte 
stof laesies worden grijze stof laesies ingedeeld gebaseerd op de locatie van de laesie. Een 
laesie die zowel zichtbaar is in de witte als grijze stof wordt een leukocorticale (type I) laesie 
genoemd. Een laesie die alleen binnen de grijze stof valt wordt een intracorticale (type II) 
laesie genoemd, waarbij een laesie die lijkt te beginnen vanaf de buitenkant van de grijze stof 
een subpiale (type III of type IV) laesie wordt genoemd. Historisch gezien zijn grijze stof laesies 
relatief onderbelicht geweest, dit omdat ze in tegenstelling tot witte stof laesies, slecht of niet 
allemaal zichtbaar zijn op MRI-beelden die gemaakt worden in de kliniek. Recent onderzoek 
heeft echter aangetoond dat grijze stof laesies al vroeg in het ziekteproces aanwezig zijn en 
mogelijk te maken hebben met ziekteprogressie, zeker in de latere vormen (SP en PPMS) van 
MS. In tegenstelling tot witte stof laesies laten deze grijze stof laesies echter een stuk minder 
inflammatie zien. Hoewel er steeds meer kennis is over de pathologische processen in witte 
en grijze stof, is het nog onduidelijk hoe (vaak verschillende) pathologische processen in witte 
grijze stof zich met elkaar verhouden. Specifiek de rol van glia cellen in grijze stof vergeleken 
witte stof is nog relatief onbekend. Deze these heeft daarom 3 primaire doelen:

1) Vaststellen van genexpressie profielen van witte en grijze stof MS laesies, alsmede 
het bediscussiëren van de bruikbaarheid van de RNA-sequencing techniek voor 
verder onderzoek naar MS. 

2) Bestuderen van de status van microglia in witte en grijze stof laesies met behulp van 
post-mortem MS weefsel.

3) Exploreren van de biomechanische eigenschappen van witte en grijze stof glia 
gekweekt uit het rattenbrein.

In deze these wordt de rol van glia cellen in witte en grijze stof MS-laesies bestudeerd. Glia 
cellen kunnen worden onderverdeeld in o.a. microglia, astrocyten en oligodendrocyten waarbij 
de focus in deze these voornamelijk ligt op microglia en astrocyten. Microglia worden over het 
algemeen gezien als de lokale immuun cellen van het brein. In MS zijn microglia de eerste 
die reageren op het loslaten van myeline, waarbij ze de myeline kunnen opruimen en andere 
immuun cellen kunnen aantrekken. Echter, in de afgelopen jaren is gebleken dat microglia 
veel meer functies hebben in het brein en dat ze zeer belangrijk zijn voor het onderhouden 
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van een gezond brein. Naast microglia vervullen ook de astrocyten zeer veel rollen in het 
brein. Astrocyten zijn vooral belangrijk in het ondersteunen van neuronale transmissie van 
signalen maar vormen bijvoorbeeld ook een onderdeel van de bloed-hersen barrière waarbij 
ze het brein beschermen van invloeden van buitenaf. Ook is van astrocyten bekend dat ze 
in chronisch-actieve MS-laesies een astrocyte ‘litteken’ kunnen vormen. Echter, veel van de 
gliale reacties die we zien in witte stof laesies zijn niet zichtbaar in grijze stof laesies: microglia 
worden niet actief en de astrocyten vormen geen litteken. In deze these gaan we verder in op 
waarom dit zo kan zijn.

In hoofdstuk 2 wordt genexpressie data besproken van leukocorticale laesies. Leukocorticale 
laesies worden gekarakteriseerd door verlies van myeline in aangrenzend witte en grijze stof. 
Door deze laesies te gebruiken kunnen we genexpressie vergelijken van aangrenzende witte 
en grijze stof laesie gebieden. In deze studie laten we zien dat de genexpressie in witte en 
grijze stof laesies heel verschillend is, zelfs als ze naast elkaar liggen. Deze data geeft inzicht 
in mogelijke verschillende ziekteprocessen gaande in deze gebieden waarbij er verschillende 
vormen van inflammatie zichtbaar zijn. Mogelijk wordt dit mede veroorzaakt door een 
verschillende response van witte en grijze stof microglia en astrocyten en gemoduleerd door 
de aanwezigheid van neuronen in de grijze stof.

In hoofdstuk 3 worden studies besproken die genexpressie data beschrijven van microglia 
geïsoleerd uit diermodellen of humaan weefsel van MS of de ziekte van Alzheimer. In deze 
studie wilden we meer inzicht krijgen in of er overlap is in welke genen benoemd worden in 
genexpressie studies van microglia. Tegen onze verwachting in, blijkt de overlap minimaal 
te zijn tussen zowel verschillende studies met hetzelfde diermodel of tussen genexpressie 
data van diermodellen en humaan weefsel. Dit betekent dat het voor andere wetenschappers 
moeilijk kan zijn inzicht te krijgen in welke microglia genen nu het relevantste zijn voor hun 
eigen studie. We beschrijven in dit stuk ook verschillende redenen waarom we denken dat de 
overlap in genoemde genen zo laag is. Er blijkt dat er een groot verschil is in de hoeveelheid 
genen die duidelijk genoemd wordt in een studie. Daarnaast blijkt ook dat uitgebreide informatie 
over de pathologie die aan- of afwezig is in het gebruikte diermodel of humaan weefsel vaak 
niet duidelijk beschreven is waardoor het moeilijk is de data in context te plaatsen. Pathologie 
in diermodellen komt bijvoorbeeld niet altijd direct overeen met pathologie in humaan weefsel 
dat beschikbaar is (vaak post-mortem materiaal). Door bewustzijn te creëren over dit gebrek 
aan overlap en door aanbevelingen te geven over hoe de overlap vergroot kan worden 
hopen we het glia veld verder te helpen en te zorgen dat data goed bereikbaar is voor iedere 
wetenschapper.

Hoofdstuk 4 begint met een beschrijving over de rol van microglia in grijze stof laesies. Zoals 
reeds benoemd zijn grijze stof laesies in recentere jaren pas meer bestudeerd. In die tijd is het 
duidelijk geworden dat de rol van microglia in de grijze stof waarschijnlijk zeer anders is dan 
in de witte stof. In dit stuk betogen we, gebaseerd op de literatuur, dat microglia waarschijnlijk 
een grote rol spelen in grijze stof laesies, maar dat deze anders is dan in witte stof laesies. 
Vervolgens bespreken we in Hoofdstuk 5 een pathologische studie waarbij we dieper in gaan 
op de microglia verschillen in witte en grijze stof. Door de expressie van twee nieuwe microglia 
specifieke markers (TMEM119 en P2RY12) te bestuderen in witte en grijze stof laesies van 
post-mortem weefsel en met behulp van gekweekte witte en grijze stof microglia beschrijven 
we dat expressie van TMEM119 en P2RY12 gereguleerd wordt door bepaalde inflammatoire 
markers die vaak in verband staan met infiltrerende immuun cellen. Dat betekent dat de laesie 
omgeving voor een groot deel bepalend is in welk type microglia er aanwezig zijn. Daarnaast 
geeft deze studie aan dat de mate expressie van TMEM119 en P2RY12 gebruikt kan worden 
om een specifieke microglia status aan te geven zoals zichtbaar in witte en grijze stof laesies.

In hoofdstuk 6 en 7 komen twee studies aan bod waar gebruik is gemaakt van een nieuwe 
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techniek om de astrocyte en microglia response te meten. Deze zogenoemde indentatie 
techniek kan de mechanische eigenschappen van cellen meten. Cellen kunnen naast 
chemische signalen ook mechanische signalen produceren die mogelijk van belang zijn voor 
het functioneren van de cel. Zo is het aangetoond dat migrerende cellen minder elastisch 
(en dus ‘vervormbaarder’) zijn dan cellen die niet migreren. In hoofdstuk 6 beschrijven 
we de techniek en hoe deze gebruikt kan worden om de mechanische eigenschappen van 
gekweekte, levende cellen te meten. Om dit te beschrijven gebruiken we gekweekte primaire 
glia kweken bestaande uit astrocyten en microglia waarbij er een nadruk ligt op de astrocyten. 
We laten in deze studie zien dat witte en grijze stof astrocyten verschillende mechanische 
eigenschappen hebben als ze behandeld worden met een inflammatoire stof, waarbij grijze 
stof astrocyten significant zachter werden terwijl witte stof astrocyten niet veranderen. We 
speculeerden daarbij dat zachtere astrocyten mogelijk een teken zijn dat grijze stof astrocyten 
zo reageren omdat ze normaliter neuronen moeten beschermen, die een sterke voorkeur 
hebben voor een zachtere omgeving. In het kader van MS zijn deze resultaten zeer interessant 
omdat er aangetoond is dat chronisch-actieve laesies, waar neuronale verbindingen niet 
meer gemaakt kunnen worden, veel harder zijn dan het weefsel ernaast. Mogelijk betekent 
dit dus dat de harde omgeving die voornamelijk uit astrocyten bestaat, het neuronale herstel 
blokkeert terwijl in de grijze stof waar deze chronische-activatie niet zichtbaar is de astrocyten 
zorgen voor een neuronaal herstellende omgeving.

In hoofdstuk 7 worden de mechanische eigenschappen van gekweekte witte en grijze stof 
microglia bestudeerd in verschillende situaties lijkende op MS-laesies. Ten eerste vonden we 
dat zelfs zonder behandeling, witte stof microglia elastischer en meer viscoos zijn dan grijze 
stof microglia. Ook na behandeling met een sterke inflammatoire stof zagen we significante 
verschillen in de twee microglia populaties: grijze stof microglia werden elastischer en 
viscozer (oftewel stijver) terwijl witte stof microglia veel zachter werden. Mogelijk geeft dit een 
verschillende functie aan van beide cellen als er inflammatie is. Om dit verder te bestuderen 
bekeken we ook de expressie van bepaalde genen en we vonden dat grijze stof microglia 
meer expressie hadden van TNFα, een cytokine die ook door microglia wordt aangemaakt 
als er neuronale schade is in een mogelijke response om de neuron te beschermen. Als we 
myeline toevoegde (zowel met als zonder inflammatoire stof) zagen we dat zowel witte als 
grijze stof microglia zachter werden, mogelijk door de fagocytose van de myeline waardoor 
ze flexibel moeten zijn en van vorm veranderen. Deze resultaten geven aan dat witte en 
grijze stof microglia mogelijk vooral verschillen in hun inflammatoire response, en minder in 
hun capaciteit om te fagocyteren en de response na fagocytose van myeline. Samen gepakt 
geven de studies in hoofdstuk 6 en 7 aan dat het bestuderen van de mechanische response 
van glia cellen tot nieuwe inzichten kan leiden en mogelijk een interessant nieuw veld is om 
te exploreren.

In conclusie laten deze studies zien dat door het direct vergelijken van de gliale response in 
witte en grijze stof MS-laesies we tot nieuwe inzichten kunnen komen in de rol van glia cellen 
in MS. De hoofdconclusies van deze these zijn:

1) Witte en grijze stof laesies worden gedefinieerd door uitgesproken verschillende 
genexpressie patronen en een verschillende inflammatoire response van glia cellen. 

2) De gliale response zichtbaar in witte stof laesies wordt waarschijnlijk bepaald door 
de aanwezigheid van geïnfiltreerde perifere immuun cellen. 

3) Witte en grijze stof glia cellen hebben andere mechanische eigenschappen zowel 
wanneer behandeld met een inflammatoire stof als wanneer ze onbehandeld blijven. Verdere 
bestudering van deze eigenschappen kan mogelijk nieuwe inzichten geven in MS-pathologie 
in witte en grijze stof.
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Dankwoord
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Tijdens de examentijd van mijn middelbare school werd ik door Dagblad de Limburger 
gevraagd wat ik na de middelbare school wilde doen. Mijn antwoord werd uiteindelijk de 
titel van het artikeltje: ‘Niet in laboratorium’. Het blijkt maar weer dat de zelfkennis na je 17e 
nog veel kan verbeteren. Ik heb namelijk de afgelopen jaren het werk in het laboratorium 
en mijn promotietraject ontzettend leuk gevonden. Graag wil ik daarvoor meerdere mensen 
bedanken. 

Anne-Marie, het eerste gedeelte van het meest gelezen deel van een proefschrift wil ik 
graag aan jou opdragen. Het is voor een heel groot deel aan jou te danken dat ik mijn 
promotietijd zo leuk gevonden heb. Al vanaf het begin hadden we een goede klik, zowel op 
onderzoeksgebied en manier van werken maar vooral ook op persoonlijk vlak. Altijd kan ik 
bij jou terecht, voor hulp, advies, maar ook vooral voor een fijn gesprek. Meerdere keren 
liepen onze werkbesprekingen meer dan een uur uit omdat we uiteindelijk vooral aan het 
kletsen waren over van alles en nog wat. Kwa tijds-management was dat misschien niet 
altijd handig, maar het bracht in drukke en spannende tijden echt wat verlichting van mijn 
dag. De menselijke maat is in de soms harde wereld van de wetenschap heel belangrijk, iets 
wat jij in alles uitdraagt. 

Ook wil ik graag mijn andere (co)promotoren bedanken. Jeroen Geurts en Erik Boddeke, 
beide tijdens mijn promotietraject iets meer op de achtergrond dan Anne-Marie, maar 
niet minder belangrijk. Jeroen, jou translationele inslag in bijna alles wat je doet is wat 
de afdeling anatomie en neurowetenschappen zo leuk gemaakt heeft om voor te werken. 
Dank voor je input op mijn project gedurende de jaren. Erik, samen met Anne-Marie heb 
je uiteindelijk het project bedacht waar ik mee aan de slag gegaan ben. Hoewel je pas in 
een later stadium weer aangehaakt bent, is door jou wel mijn samenwerking met Groningen 
gestart. 

Hoofdstukken 2 en 3 van dit proefschrift zijn voor een groot deel tot stand gekomen door 
de zeer fijne samenwerking met Bart Eggen en de enorme bron van kennis en kunde van 
Emma en Nieske. Ik heb het heel fijn gevonden dat ik een aantal dagen bij jullie terecht kon 
in Groningen en ik heb ontzettend veel van jullie geleerd. Emma, het contact met jou bleef 
niet bij een aantal dagen. Je was nooit te beroerd om mee te denken over mijn projecten. Ik 
weet zeker dat je eigen proefschrift in de toekomst nog door vele als naslagwerk gebruikt zal 
worden. 

Chapters 6 and 7 were made possible by the collaboration with the group of Davide Ianuzzi, 
particularly with Nelda and Erik. I feel we truly pioneered a lot of the work needed for this 
project. It was at times quite challenging, but I always greatly enjoyed working with both of 
you, which in the end, made the project a lot of fun. Nelda, you were a great person to work 
with and I learned a lot from you. You are no doubt one the experts of your field and thanks 
to you I’m much more aware of the application and usefulness of physics, also for biology. 

Graag wil ik ook mijn waardering uitspreken voor het werk van de Nederlandse 
Hersenbank, Inge Huitinga en vooral ook voor het werk dat Michiel Kooreman doet voor 
alle wetenschappers. Ook heb ik een ontzettend ontzag voor alle hersendonoren en familie 
van hersendonoren. Zonder jullie onbaatzuchtige hulp zou het onderzoek niet mogelijk zijn. 

Daarnaast zou bijna al het andere werk in dit boekje niet mogelijk zijn geweest zonder de 
hulp van de eindeloos geduldige analisten. Er zijn denk ik geen 4 woorden die ik vaker 
uitgesproken heb dan ‘Hee John, kort vraagje....’. John Bol en John Brevé, natuurlijk 
refereer ik hier vooral naar jullie twee. Beide zijn jullie super belangrijk geweest voor dit 
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project, maar ook voor mijn ontwikkeling als wetenschapper. Dank voor jullie kennis, geduld 
en behulpzaamheid zelfs bij de domste vragen en moeilijkste projecten. 

Samen met Micha, Benjamin en Kees vormden we daarnaast ook nog een tijdje het 
groepje cellulaire neurofarmacologie. Tijdens onze lab meetings heb ik vooral geleerd 
kritisch te denken. Het waren niet altijd makkelijke vragen of opmerkingen die kwamen, 
maar het kwam altijd voort uit een grote drive om de wetenschap én studenten vooruit te 
helpen en beter te maken. Daarnaast heb ik ook ontzettend veel gelachen tijdens onze 
meetings. Wat het onderwerp ook was, het werd doorgaans besproken met heel veel 
humor. Dank voor de leuke start van de week iedere maandagochtend. Onderdeel van deze 
meetings waren ook de fijne studenten (Jorine, Anou, Deirdre, Nesrine, Sara en Leonie) 
die ik mocht begeleiden tijdens hun stage. Het was leuk om een deel te zijn van jullie 
leertraject! 

Was ik niet in het lab, dan zat ik wel in de PhD kamer van de 13e verdieping van het O2. 
Gedurende mijn jaren in deze kamer zijn er vele kamergenoten gegaan en weer gekomen. 
Dank allen voor de leuke tijd tijdens o.a. PANDA borrels, congressen of gewoon gedurende 
een lunch op een normale werkdag. Speciale aandacht wil ik graag geven aan onder 
andere Jolanda en Tianne, mijn Utrechtse trein maatjes. We hebben heel veel tripjes op 
en neer samen gemaakt en bijna alle aspecten van het leven in die treinritjes besproken. 
Het was vaak een fijne afsluiting van mijn dag. Svenja, met jou samen klagen op het lab, 
tijdens weer een ellelange immunohistochemie sessie, of tijdens het organiseren van de 
ANW seminars was altijd een goede manier om stoom af te blazen. Marijn niet voor niets 
wilde ik jou graag als paranimf hebben. We zijn ongeveer tegelijkertijd gestart met ons 
promotietraject en zullen ook ongeveer rond dezelfde tijd onze promotie afronden. Meerdere 
keren heb je mij op sleeptouw meegenomen. Toen ik net in Utrecht woonde mocht ik met je 
mee naar het bierfestival en aan het einde was jij het die me uitnodigde voor een weekendje 
weg met de nieuwe generatie PhDs. Het is een testament aan de fijne persoon die jij bent. 
De avond op stap in Stockholm na een drukke ECTRIMS, met veel bier en vooral veel Uber 
ritjes ga ik nooit meer vergeten. 

Over stapavondjes gesproken: de avonden in o.a. de blauwe engel met o.a. Menno, Linda, 
Michael, Floor, Laura en Chris (en daarnaast nog wel veel meer mensen) waren stuk voor 
stuk hoogtepuntjes. 

Daarnaast ook wat aandacht aan de mensen niet in de wetenschap die me bijgestaan 
hebben tijdens mijn promotietraject. Floorballen bij UFC Utrecht was een van de dingen die 
het soms hele harde werken in de wetenschap zeer dragelijk maakte. Dames 3, bíjna waren 
we kampioen geworden. Seizoenen om nooit te vergeten, niet alleen kwa floorball maar 
vooral ook door de leuke borrels, feestjes, teamuitjes en vriendschappen die we er aan over 
gehouden hebben. Team Rocket, ik vind klein-veld eigenlijk helemaal niet leuk. Maar jullie 
wel. 

Lieve Nadine, Romy, Pauline en Kaya, al meer dan 15 jaar delen we lief en leed, in het 
begin van heel dichtbij, in de laatste jaren vooral van veraf via Platypus. Julie kennen me 
als geen ander en ik weet dat ik altijd bij jullie terecht kan. Dank ook voor het meedenken 
over de kaft. Zoals jullie zien heb ik al jullie advies in de wind geslagen. Iris, het leukste 
wat ik overgehouden heb aan mijn studententijd in Nijmegen ben jij. Ik geniet van onze 
wielrentochtjes waarbij we het leven in de wetenschap en daarbuiten bespreken. 

Papa, mama en Lotte: Bedankt voor de steun die ik op alle fronten van jullie ontvangen heb 
in de afgelopen jaren. Jullie hebben me vertrouwen gegeven in alles wat ik wilde doen, er is 
denk ik geen groter compliment. Het begon met een verhuizing naar de Randstad… Papa, 
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samen hebben we nog heel (Zuid-West) Amsterdam doorgefietst maar het is toch Utrecht 
geworden. Dank voor al je hulp, zeker in de beginfase. Lotte, de afgelopen jaren zijn voor 
jou helemaal niet makkelijk geweest maar je hebt je er fantastisch door heen geslagen. Jou 
weekend bezoekjes naar de Korenbloemstraat zijn altijd een klein feestje waar ik naar uit 
kijk. Mama, hoe zeer ik ook mijn best gedaan heb niet op jou te lijken, is het denk ik in veel 
aspecten toch gebeurd. Lekker recalcitrant heb ik daarom toch een lang(er) dankwoord 
geschreven. 

Dan als allerlaatste, lieve Davy, alles wat met dit promotietraject te maken heeft gehad ben 
je met frisse tegenzin aangegaan. Dat ik ooit deze baan aangenomen heb, heeft namelijk 
ook jou leven veel veranderd. Met je leuke grapjes, impromptu liedjes, lieve woorden en 
knuffels ben je al heel wat jaren mijn steun en toeverlaat. Ik ben iedere dag nog steeds heel 
blij dat je bij me bent. 
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