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Axonal damage and inflammation in leukocortical MS lesions

Abstract

In multiple sclerosis (MS), activated microglia and macrophages have been linked 

to axonal damage that underlies neurodegeneration and progressive disease. This 

is exemplified by the finding that cortical grey matter (GM) lesions are characterised 

by less pronounced microglia activation and lymphocyte infiltration compared to 

white matter (WM) lesions. Such differences are clearly highlighted by leukocortical 

lesions that extend across the WM and GM offering an opportunity to examine 

differences in WM and GM microglia activation in one lesion. So far, dissection of 

microglia responses in MS has been hampered by an insufficient understanding 

of factors that trigger activation. Here we have examined leukocortical lesions 

in people with MS with respect to microglia activation, degree of axonal damage 

and phagocytosis of neuronal debris. To examine factors that may underlie the 

differential activation of microglia in the WM and GM in vitro studies were performed 

with mouse microglia. Our studies reveal a clear difference in the degree of microglia 

activation in the WM and GM of leukocortical lesions that correlated with the 

extent of axonal damage. Phagocytosis of neuronal debris was more frequent in 

the WM compared to the GM, but in both regions phagocytosis was associated with 

axonal damage. Morphometric analysis and gene array studies of mouse microglia 

showed significant differences between WM and GM-derived microglia in mice. In 

particular, expression of genes within the Toll-like receptor pathway as well as those 

associated with antigen processing and presentation pathways were significantly 

enriched in microglia derived from the WM. On the contrary, direct application of 

neuronal debris into the corpus callosum or cortex of mice induced profound and 

comparable inflammation in both regions.

In summary, our data show that microglia activation is reduced in the GM region 

compared to the WM region of leukocortical MS lesions despite the degree of axonal 

damage. That we also show a strong differential expression of immune-related genes 

in WM and GM-derived microglia in mice may explain the differences in microglia 

activation in the WM and GM in leukocortical lesion in MS.

Introduction

Multiple sclerosis (MS) is a common disease of the central nervous system (CNS) 

of which demyelination and neurodegeneration are pathological hallmarks. Most 

research on MS has been performed on the demyelinating part of the disease 

notwithstanding that the strong neurodegenerative component contributes to 

the neurological disabilities seen in patients (1). Despite the correlation between 

inflammation and axonal damage in white matter (WM) MS lesions, the mechanisms 

contributing to neurodegeneration in MS are largely unknown (2-5). Proposed 

neurodegenerative mechanisms include chronic demyelination (2, 6), macrophage 

derived reactive oxygen and nitrogen species (7) and mitochondrial dysfunction 

(8). In addition, it is suggested that demyelinated axons are more vulnerable to 

the inflammatory microenvironment containing proteolytic enzymes, oxidative 

products, cytokines and free radicals, and thereby more susceptible to damage (2, 

9). Neurodegeneration could also develop through autoreactivity to neuroaxonal 

antigens and subsequently targeting of axons, which has been shown in several 

other neurological disorders (9). Evidence for similar mechanisms in MS comes 

from antibodies and T cells direct to neuroaxonal antigens as well as axon-reactive 

B cells in the cerebrospinal fluid (CSF) in people with MS (10-14). It is shown 

that direct damage to axons, indicated by axonal end bulbs and myelin sheaths 

devoid of axons, occurs after immunisation with the neuronal cytoskeletal protein 
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neurofilament light (NF-L) in mice (15, 16). We show phagocytosis of neuronal 

proteins in MS lesions and an association between phagocytosis, inflammation and 

the extent of axonal damage in WM MS lesions (17). Although this might indicate a 

mechanism for damage to axons in the WM, the degree of inflammation, indicated 

by the number of human leukocyte antigen (HLA)-DR+ cells, is present to a lesser 

extend in the grey matter (GM) of MS lesions (18). Furthermore, it is shown that 

extensive axonal damage is present in GM MS lesions, although it contains six 

times less the amount of CD68+ microglia/ macrophages and 13 times less the 

number of CD3+ lymphocytes (19). 

It is suggested that microglia residing in the WM exist at a higher basal level of 

activation under physiological conditions compared to microglia residing in the 

non-myelinated regions of the CNS (20). Supporting this hypothesis, the number of 

HLA-DR+ microglia and/or the cellular expression level of this molecule in humans, 

monkeys, dogs and rats under physiological conditions is higher in the WM (corpus 

callosum, capsula interna) than in the GM (cerebral cortex) (21-27). Moreover, 

microglia residing in the WM of the forebrain, but also microglia of the spinal cord, 

are more affected by the ageing related increase in the basal level of activation than 

their GM counterparts (23, 26, 28). These are indications that microglia residing in 

the WM and GM of the CNS are phenotypically different, which might be important 

in the development of leukocortical MS lesions. Therefore, our aim was to study 

both the WM and GM of leukocortical MS lesions and correlate inflammation, 

axonal damage and phagocytosis of neuronal debris between those areas. To study 

microglia in more detail and in a standardised fashion, we investigated morphology, 

gene expression and functionality in vitro in acutely isolated microglia from the 

corpus callosum and cortex from mice.

Here we report that inflammation was significantly increased in the WM compared 

with the GM of leukocortical MS lesions, but this was not the case for axonal 

damage. In WM and GM microglia from mice we observed striking differences 

regarding the morphology and show substantial heterogeneity at the transcriptome 

level. Among the differentially expressed genes were transcripts involved in both 

the innate and adaptive immune system. Microglia from mice derived from the 

corpus callosum and cortex were to be significantly distinct at the functional level 

e.g. phagocytic capacity of labelled bacterial particles. Furthermore, stereotactic 

injection of neuronal rat debris in mice resulted in similar microglia activation in 

the WM and GM. 

Our results indicate that the differences observed in the activation status of 

microglia derived from the WM compared to the GM may explain the axonal damage 

that occurs without apparent inflammation in the GM in people with MS.

Materials and methods

Human autopsy tissue

Human tissues were collected from donors with informed consent and by approval 

of local legal and ethical regulations in collaboration with the Netherlands Brain 

Bank (protocol 514). Paraffin blocks were used from post-mortem brain material 

of clinically defined people with MS. MRI-guided sampling of the CNS was used to 

identify the lesions (29, 30).

Animals

Young adult (8 weeks old) C56BL/6 male mice were purchased from Harlan. Three 

independent experiments were performed for each assay unless mentioned otherwise. 
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For stereotactic studies C57BL/6 female mice (11 weeks old) were obtained from 

Charles River (Germany). Pregnant Sprague-Dawley rats were purchased from 

Charles River (Germany). Animals were housed and monitored consistent with the 

principles of the ARRIVE guidelines and were given access to food and water ad 

libitum. All procedures were performed in accordance to appropriate Review Board for 

the Care of Animal Subjects of the district government under the recommendations 

of the Federation of European Laboratory Animal Science Associations i.e. Dutch 

Animal Ethics Committee (PA 13-01) and the German Review Board for the Care of 

Animal Subjects of the district government (North Rhine-Westphalia, Germany).

Table 1. Patient details

Immunochemistry 

Human wax sections were deparaffinised in xylene and rehydrated using descending 

grades of ethanol. Endogenous peroxidase was blocked using 0.3% H
2
O

2
 in phosphate 

buffered saline (PBS) for 30 min. After washing, heat-mediated antigen retrieval 

was applied in 0.1 M citric acid buffered solution (pH 6.0). Primary antibodies 

were incubated overnight at room temperature in antibody diluent (Immunologic). 

Microglia and macrophages were identified with the monoclonal antibody (mAb) 

to HLA-DR (mouse, clone LN3, 1:100; eBiosciences) and myelin was detected with 

a mAb to proteolipid protein (PLP, mouse, clone PLpc1, 1:500; Serotec, without 

antigen retrieval). The sections were subsequently washed and incubated with the 

secondary Envision polyclonal goat antibody directed to mouse/rabbit conjugated 

with horseradish peroxidase (HRP, Dako, Denmark). After washing, the enzyme 

was visualised by incubation with the chromogen 3,3’3-diaminobenzidine (DAB) 

(Dako). Nuclei were visualised with haematoxylin.

To identify leukocortical lesions both PLP and HLA-DR expression were performed 

on single sections. First, the sections were treated as described above except that 

heat-mediated antigen retrieval was applied with Tris-EDTA (pH 9.0). After washing, 

the sections were simultaneously incubated with the primary antibodies to PLP and 

HLA-DR. After washing, the secondary goat anti-mouse IgG2a-HRP and goat anti-

mouse IgG2b-AP (alkaline phosphatase, both 1:250; Southernbiotech, AL) were 

applied together for 1 h. The HRP enzyme was visualised using 3-amino-9-ethyl-

carbazole (AEC) and the AP enzyme with Fast Blue (FB) chromogen.

To investigate the relationship between activated microglia/macrophages and 

axonal damage or neuronal cell bodies double staining was performed on paraffin 

sections by consecutive staining. First, sections were incubated overnight with the 

primary antibody mAb to amyloid precursor protein (APP, mouse, clone 22C11; 

1:1,600; Millipore) or non-phosphorylated NF-H (mouse, clone SMI32R, 1:100; 

Covance) followed by incubation with the secondary antibody Envision goat anti-

mouse/rabbit-HRP. The enzyme was visualised using incubation with AEC. Next, 

Patient Gender 
Age of 
death 

MS type 
Disease duration 

(years) 
PMD 
h:m 

Cause of death 

1 F 40 PP 14 7:00 Dehydration 

2 F 41 SP Unknown 8:25 Natural causes 

3 F 66 Unknown Unknown 6:00 Unknown 

4 M 51 SP Unknown 11:00 Unknown 

5 F 60 Unknown 10 10:40 Euthanasia 

6 F 50 Unknown Unknown 7:35 Euthanasia 

F, female; M, male; PP, Primary Progressive; SP, Secondary Progressive;  PMD, post

-

mortem delay.
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heat-mediated antigen retrieval with citrate was applied a second time prior to 

incubation with primary mAb to HLA-DR for 1 h at room temperature. After 

washing, the second secondary mAb goat anti-mouse IgG2b-AP was applied. Next 

the sections were washed and FB was used to visualise the phosphatases.

Quantification of inflammation and axonal damage in leukocortical MS lesions

To quantify axonal damage and inflammation in leukocortical MS lesions the border, 

the rim and the centre of the WM and GM of the leukocortical lesions were identified. 

The GM was identified by the line of neuronal cell bodies as identified with the mAb 

to non-phosphorylated NF-H. The edge of the demyelinated lesions defined the 

rim and the centre was the area between the rim and the border between the WM 

and GM (Fig. 1). On average, nine photographs of the WM or GM lesion area were 

taken at 200 x magnification with a Leica DM4000B microscope with Leica DC500 

camera to quantify the number of HLA-DR+ cells and axonal damage per mm2. 

Figure 1. Activated HLA-DR+ cells dominate the white matter region of leukocortical MS 

lesions. A) A representative leukocortical lesion reveals high numbers of HLA-DR+ cells in the WM 

region compared to the GM. B) Extensive demyelination as shown by staining for PLP (red) in the 

active part of the WM (HLA-DR, blue). The dotted line represents the border of the WM and GM. The 

region markers 1a and b represent the region of interest (ROI) on the border of the WM (1a) or GM 

(1b). ROI 2a and b depicts the centre of the WM part of the lesion (2a) and GM part (2b). ROI 3 rep-

resents the rim of the lesion in the WM (3a) or GM (3b). 

Quantification of phagocytosis in leukocortical MS lesions

Due to the low frequency of phagocytosis of neuronal debris (17), the number 

of HLA-DR+ cells containing APP+ structures was quantified in the total WM or 

GM lesion area of the leukocortical lesions using light microscopy. Subsequently, 

phagocytosis of APP+ structures was related to the average number of APP+ ovoids 

per mm2 in the WM or GM as well as the average number of HLA-DR+ cells per mm2 

in the WM or GM from the photographs as described above. 

Morphometry analysis of mouse microglia

For quantitative analysis of the morphology of WM and GM microglia, 

immunohistochemistry was performed on brain sections of young adult mice 

against a microglia marker Iba1. In brief, animals were transcardially perfused 

with saline under pentobarbital anesthesia followed by 4% paraformaldehyde 

(PFA). Brains were post-fixed for 24 h, equilibrated in 20% sucrose solution and 

cryosectioned at 50 µm thickness. Free floating brain sections were blocked with 
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5% normal goat serum in PBS and subsequently incubated with primary antibody 

(rabbit anti-Iba1, Wako) for 72 h at 4°C. Primary antibody was then labelled using 

Cy3-coupled goat anti-rabbit secondary antibody (Jackson Immuno Research). 

Sections were mounted and coverslipped with Mowiol (Calbiochem). Confocal 

images of WM and GM microglia were made with a 63 x objective mounted on a 

Leica SP2 confocal laser scanning microscope. Confocal images were deconvoluted 

with Huygens Professional imaging software package (SVI). The 3D reconstruction 

and morphometric analysis of the cells was achieved with the Filament Tracer 

function of Imaris 7.0 software (Bitplane).

Isolation of primary microglia 

Mice were sacrificed by transcardial saline perfusion under inhalation anaesthesia 

with 4% isoflurane/ 0.4% O
2
/ 0.4% N

2
O. Brains were isolated and kept in ice cold 

dissection medium (Hank’s buffered salt solution (HBSS) containing 0.6% glucose 

and 15 µM HEPES buffer (all from Gibco, The Netherlands)). The forebrain was cut 

into three approximately 1.5 mm thick coronal sections. Coronal sections were 

further dissected into white (corpus callosum) and grey (cerebral cortex) matter on 

ice. From the collected tissue, microglia were isolated at high purity (> 98%) using 

a discontinuous Percoll gradient (31). All steps of the isolation were performed at 

4°C. Briefly, the tissue was transferred into a bouncing tissue homogeniser and 

mechanically dissociated. The homogenate was further homogenised with four 

Pasteur pipettes of decreasing diameter until a single cell suspension was attained. 

The cell suspension was then filtered through a 70 µm cell strainer, washed with 

dissection medium and pelleted by centrifugation. The pellet was resuspended in 

75% Percoll, overlaid with 25% Percoll and finally with PBS. The density separation 

was achieved by centrifugation of the discontinuous Percoll gradient in a swinging 

bucket centrifuge at 800 g for 25 min. Microglia were then collected from the 75%-

25% Percoll interface, washed with PBS and pelleted by centrifugation. The cell 

pellet was resuspended in culture medium (Dulbecco’s modified eagle medium 

(DMEM) containing 5% fetal calf serum (FCS), 1% penicillin/streptomycin and 

1% sodium-pyruvate, all from Invitrogen) for the phagocytosis assay as described 

below. In case of flow cytometric analysis of surface expression markers, the pellet 

was resuspended in PBS. For total RNA extraction for further gene expression 

analysis, the pellet was lysed in lysis buffer. In some cases (e.g. gene expression 

analysis), before the final centrifugation, a small sample of few thousand cells was 

taken out from the cell suspension to assess the purity of microglia isolation by 

flow cytometry. 

Phagocytosis assay 

After isolation, WM and GM microglia were resuspended in culture medium and 

seeded in 8 well Lab-Tek™ II Chambered Coverglass (Nunc) at a density of 5,000 cells 

per well. Two hours after seeding, the medium was replaced with culture medium 

containing 25 µg/mL of pHrodo™ E.coli BioParticles® conjugate (Invitrogen). Cells 

were subsequently imaged for 18 h with a Solamere Nipkow spinning disc confocal 

laser scanning microscope mounted on a Leica DM IRE2 inverted microscope 

equipped with a HC PL APO CS 10 x dry objective, a Stanford Photonics XR/Mega-

10I (intensified) CCD camera, and a temperature (37°C) and CO
2
 concentration 

(5%) controlled imaging chamber. To excite the pHrodo dye, a 568 nm laser line 

of a dynamic Krypton laser was used. A brightfield and a red channel image were 

acquired every 5 min for each condition (“white” and “grey matter” wells). For both 
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white and grey matter wells, one field per well, which contained in both cases 20-

30 cells was imaged. Multiple cells were selected as regions of interest (ROIs) based 

on the brightfield images. The intensity of the ROIs in the red channel images 

was measured in each frame of the entire image stack with the help of an ImageJ 

plugin (written by K. Sjollema; UMCG-UMIC, Groningen, The Netherlands). The 

data were plotted as a time versus intensity curve and the time needed to reach half 

maximum response for each cell was determined in Excel.

Gene expression analysis 

Eight biological replicates were used for each condition (WM and GM), each 

consisting of a pool of three mice. Each sample was tested for purity of microglia 

preparation with flow cytometry as described below. After the dissection of WM 

and GM and isolation of microglia, total RNA was isolated with a QiagenRneasy® 

Micro kit (Qiagen). The amount of isolated RNA was determined with a NanoDropTM 

2000 spectrophotometer. From each sample 25 ng of total RNA was used. The 

integrity of the RNA samples was confirmed with an Agilent Bioanalyzer automated 

electrophoresis system using the RNA 6000 Pico LabChip® Kit. The RNA integrity 

was determined by visual examination of the electropherograms and by the 

RNA integrity number (RIN). Only samples with RIN> 8 and clear 18S and 28S 

ribosomal RNA peaks were included in the gene expression study. The RNA was 

then processed for microarray analysis: copyDNA synthesis, amplification and 

biotin-labelled copyRNA production were done with an Illumina® TotalPrep™-96 

RNA Amplification Kit (Ambion). Subsequently, 750 ng of biotin-labelled cRNA was 

hybridised to Illumina MouseRef-8 v2.0 bead arrays according to the manufacturers 

protocol. The bead arrays were then stained with streptavidin-Cy3 and scanned 

with iScan System (Illumina). 

Endotoxemia model

Mice were injected intraperitoneally either with 50 µg LPS/25 g body weight dissolved 

in saline or with equal volume of saline (control). Eight hours after injection, 

mice were sacrificed by transcardial perfusion with saline under pentobarbital 

anaesthesia. Brains were removed from the skull, WM and GM regions were 

dissected and microglia were isolated from these regions as described above. After 

isolation WM and GM microglia were analysed by flow cytometry.

Flow cytometry

Isolated microglia from healthy mouse brain or an endotoxemia mouse model were 

resuspended in PBS and Fc blocked with 1% anti-CD16/32 (eBiosciences) for 15 

min, stained for different surface markers (see below) for 20 min, washed with 

PBS, pelleted with centrifugation and resuspended in PBS for subsequent flow 

cytometric analysis. During the staining procedure and before analysis, cells were 

kept on ice. Stained cells were analysed with BDTM LSR II multi-laser flow cytometer. 

The flow cytometric measurements were evaluated using WinList 6.0 software. The 

geometric mean fluorescent intensities (MFI) of each measurement were used for 

statistical analysis.

To determine the purity of microglia preparation, a small sample of the attained 

cell suspension was stained for CD11b and CD45 together with a live cell marker 

DRAQ5TM (Biostatus Ltd.). Microglia purity was determined as the percentage of 

CD11bhigh/CD45low/DRAQ5+ cells (live microglia) among the total DRAQ5+ cells (live 

cells). The microglia purity was routinely above 98%.
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For immunophenotyping of mouse microglia cells, the following antibodies were 

used: phycoerythrin (PE)-coupled rat anti-mouse CD11b (Cat.No. 12-0112), 

allophycocyanin (APC)-AlexaFluor750-coupled rat anti human/mouse CD11b (Cat.

No. 27-0112; discontinued), AlexaFluor700-coupled rat anti-mouse CD45 (Cat.No. 

56-0451), fluorescein isothiocyanate (FITC)-coupled rat anti-mouse CD45 (Cat.No. 

11-0451), FITC-coupled Armenian hamster anti-mouse CD40 (Cat.No. 11-0402), 

FITC-coupled Armenian hamster anti-mouse CD80 (Cat.No. 11-0801), FITC-coupled 

rat anti-mouse CD86 (Cat.No. 11-0862), FITC-coupled rat anti-mouse F4/80 (Cat.

No. 11-4801), PE-coupled rat anti-mouse CXCR3 (from R&D, Cat.No. FAB1685P), 

FITC-coupled rat anti-mouse MHC class II (Cat.No. 11-5321), PE-coupled rat anti-

mouse TLR1 (Cat.No. 12-9011), FITC-coupled rat anti-mouse TLR2 (Cat.No. 11-

9021), PE-coupled mouse anti-mouse TLR4 (Cat.No. 12-9041). Appropriate isotype 

controls were used for each staining in a concentration-matched manner. All flow 

cytometry antibodies (and the corresponding isotype controls) were obtained from 

eBiosciences, unless mentioned otherwise.

Intracerebral injection of neuronal debris

Neuronal debris was collected from 1 day-old Sprague-Dawley rats cortices following 

an optimised protocol (Dr. M Witte, VUmc, The Netherlands). Briefly, neopallia were 

dissected in dissection medium containing HBSS (Gibco), sodium pyruvate (Gibco), 

0.1% D-glucose (Sigma-Aldrich) and 10 mM Hepes (Sigma-Aldrich). Cortices were 

transferred to dissociation medium containing DMEM, 0.25% trypsin, 1 mg/mL 

DNAse I (all from Gibco), and let dissociated at 37°C. The suspension was diluted 

in HBSS and filtered through a cell strainer (100 mm, VWR) and centrifuged (500 g, 

5 min). Subsequently cells were plated in cell flasks coated with 50 µg/mL poly-L-

lysine (Sigma-Aldrich). Neurons were cultured in neurobasal medium supplemented 

with penicillin (100 U/mL), streptomycin (100 mg/mL), 2% B27 and 1x glutamax 

(all from Gibco). After 1 and 4 d half the culture medium was changed and 10 µM 

cytosine arabinofuranoside (Sigma-Aldrich) was added to exclude glial cells from 

the culture. Neurons were cultured for 7 d after which the cells were scraped off 

and collected in PBS. Concentration was measured using the Bradford assay (Bio-

Rad, Germany).

Neuronal debris was injected as described before for myelin debris (18). Briefly, 

C57BL/6 mice were fixed in a mouse adapter for stereotactic frames (World Precision 

Instruments). After drilling a small hole in the skull, 0.2 µg of neuronal debris was 

injected into the respective regions using a 10 µL syringe equipped with a 33 gauge 

needle (Hamilton Company) with a volume of 6 nL/s by using a Ultra Micro Pump 

(UMP3, World Precision Instruments). Coordinates for injection were X (-2.2), Y 

(0.6) and Z (0.8 for cortex and 1.5 for corpus callosum) relative to the anterior 

bregma. The needle was navigated by a motor-driven stereotactic frame (World 

precision instruments) utilising StereoDrive software (Neurostar). The injection was 

carried out within a standardised time frame i.e. ~5 min injection time and 10 min 

deposition rest in the cortex before the needle continued to the corpus callosum. 

Subsequently, needle was retracted after 5 min deposition rest in order to prevent 

potential variations in the effect of shearing forces. At 2 d post-injection, mice 

were sacrificed by injection with 10% chloralhydrate, perfused with PBS and 4% 

PFA where after brains were fixed in 4% PFA overnight and routinely processed for 

paraffin embedding.
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Immunochemistry of mouse brain following stereotactic injection

Paraffin embedded brain sections (6 µm) of mice stereotactically injected with 

neuronal debris from rat were deparaffinised as described above. After blocking 

endogenous peroxidase (0.3% H
2
O

2
), antigen retrieval was performed in Tris-EDTA 

pH 9.0 in a microwave. After cooling, sections were blocked with CleanVision mouse 

to-mouse block (Immunologic) or 10% normal goat serum (Dako) and subsequently 

stained with mAbs to NF-L (mouse, clone 10H9, 1:100; made in house) and Iba1 

(1:10,000) overnight. After washing, sections were incubated with Envision goat 

anti-mouse or Envision goat anti-rabbit conjugated with HRP and visualised with 

DAB chromogen. Nuclei were visualised with haematoxylin.

To localise the injection tract, serial sections were stained with haematoxylin and 

eosin.

For immunofluorescence, sections were double stained with mAbs to NF-L (1:100) 

and Iba1 (1:2,000) overnight. After washing the sections, secondary mAbs goat anti-

mouse IgG1 Alexa Fluor 594 and goat anti-rabbit IgG Alexa Fluor 488 (Invitrogen) 

were incubated for 1 h at room temperature. Images were taken on a Confocal 

microscope (Leica TCS SP1) using a 63 x magnification.

Statistics

Data were analysed in PrismGraph 5.0 and SPSS 12.0.1. Correlations in 

leukocortical MS lesions were identified using the non-parametric test Spearman 

rank correlation. To investigate significant differences between two variables, the 

Student’s t-test was used for parametric data or the Mann-Whitney U test was used 

for non-parametric data. 

Statistical analysis of the gene expression data was performed in GeneSpring 

software after normalisation using BeadStudio software (Illumina). Two approaches 

were applied: 1) with significance testing (t-test, Benjamini correction for multiple 

testing) we determined the genes that were expressed at a significantly different 

level (p<0.05, fold change >1.5) in white and grey matter microglia; 2) with an 

empirically determined cut-off value (noise level) we determined the genes that 

were present in either white or grey matter microglia. A functional annotation chart 

of the differently expressed genes was generated using the DAVID Bioinformatics 

Resources web application (http://david.abcc.ncifcrf.gov/). Unpaired t-test was 

performed with an asymptotic p value computation. In all cases, p values were 

considered significant if p<0.05 (*); p<0.01 (**); p<0.001 (***).

Results

Axonal damage is similar in white and grey matter of leukocortical MS lesions

Analysis was performed on 10 blocks from 6 MS patients containing 13 leukocortical 

lesions (Table 1). The number of HLA-DR+ cells and APP+ ovoids in the WM or GM 

part of the leukocortical lesions was recorded. Significantly more HLA-DR+ cells 

were observed in the WM part compared to the GM part of leukocortical lesions 

(p<0.0001, Fig. 2A). In contrast, no difference was observed in the extent of axonal 

damage, as depicted by the number of APP+ ovoids (Fig. 2B). Our analysis confirmed 

a positive correlation between the number of HLA-DR+ cells and axonal damage in 

the WM (r=0.4182, p<0.0001, Fig. 2C) but not in the GM (r=0.08698, p>0.05, Fig. 

2D). This may indicate differences in microglia function in the WM and GM. 
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Figure 2. Expression of HLA-DR+ cells in leukocortical MS lesions. A) The numbers of HLA-

DR  cells in the WM compared to the GM part of leukocortical MS lesions (n=13, p<0.0001, Mann 

Whitney U test) and (B) APP  ovoids in the WM compared to the GM (p>0.05, Mann Whitney U test). C) 

Correlation between the number of HLA-DR  cells and APP  ovoids (r=0.4182, p<0.0001) in the WM 

but not in the GM regions of leukocortical MS lesions (D, r=0.08698, p>0.05, Mann Whitney U test).

Phagocytosis of neuronal debris in leukocortical MS lesions

Since phagocytosis of neuronal antigens is associated with the extent of axonal 

damage in WM MS lesions (17), we examined phagocytosis of APP+ structures in 

the total WM or GM leukocortical lesion area using a 200 x objective (Fig. 3A). 

Phagocytosis of APP+ structures was more frequently observed in the WM region 

of leukocortical lesions compared with the GM (Fig. 3B, p<0.05, Mann-Whitney 

U test). We then investigated the relation between the degree of phagocytosis and 

the number of HLA-DR+ cells and/or axonal damage. Although we did not observe 

an association between phagocytosis and number of HLA-DR+ cells in the WM 

(r=0.3504, p>0.05) nor the GM (r=0.4228, p>0.05, data not shown), the number of 

HLA-DR+ cells containing APP+ structures correlated with axonal damage in both 

the WM (Fig. 3C, r=0.8026, p<0.001) and the GM (Fig. 3D, r=0.5981, p<0.05). 
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Figure 3. Phagocytosis of APP+ structures by HLA-DR+ cells correlates with axonal damage 

in leukocortical MS lesions. A) Phagocytosis of APP  structure (red) is seen by an HLA-DR  cell 

(blue) in the WM. B) Phagocytosis of APP  structures by HLA-DR  cells is more frequently observed 

in the WM region compared to the GM (p<0.05, Mann Whitney U test). The number of HLA-DR  cells 

containing APP correlates with axonal damage in the WM (C, r=0.8026, p<0.001) and in the GM (D, 

r=0.5981, p<0.05). Scale bar in (A) =15 µm.

Microglia from white or grey matter are distinct subpopulations according to their 

morphology

Numerous studies have described morphological differences between microglia 

residing in WM and GM based on visual examination. In this study, we investigated 

morphological differences between cortical (Fig. 4A) and callosal (Fig. 4B) microglia 

in mice using a quantitative morphometric method. Each biological replicate 

(independent experiment) consisted of a pool of three mice in order to obtain a 

sufficient amount of microglia from the white matter (corpus callosum). Random 

Iba1+ cells were chosen from both regions of the CNS. We mainly focused on the 

process arborisation of the cells, since the size, spatial arrangement and ramification 

of their processes are primarily affected when microglia transform from ramified/

resting to activated state. As shown in Figure 4, WM microglia are morphologically 

different from GM microglia. Quantification analysis showed significant differences 

in total dendrite length, total processes volume and the number of primary 

ramification points on their process arborisation (Supp. Fig. 1).
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Figure 4. Differential morphology of microglia derived from in the corpus callosum (WM) 

and cerebral cortex (GM) using the Filament Tracer function of the Imaris software package. Each 

biological replicate (independent experiment) consisted of a pool of three mice. Snapshots from the 

3D reconstructions of GM (A) and WM (B) microglia. Front view is perpendicular to the coronal plane, 

while side view is perpendicular to the sagittal plane. GM mg, grey matter microglia; WM mg, white 

matter microglia.

Similar phagocytosis by mouse microglia from white or grey matter

To compare whether WM and GM microglia inherently differ from each other on a 

functional level, we investigated the rate of phagocytosis of pHrodo-coupled bacterial 

particles by time-lapse microscopy in acutely isolated microglia from mice (Fig. 5C). 

The mean intensity across the stack was measured off-line with ImageJ software for 

each cell and plotted against time to yield the phagocytic curves depicted in Figure 

5A. Acutely isolated WM and GM microglia had similar phagocytic capacity (Fig. 

5B, n=100 for both WM and GM microglia, three independent biological replicates). 

In addition, there was no significant difference between WM and GM microglia in 

respect of the percentage of cells that reached half maximum phagocytosis at any 

given time point (Fig. 5B). 
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Figure 5. Similarities of functional phagocytosis assay in mouse microglia. A) Representative 

graphs of the timelapse measurements of the phagocytosis of the bacterial particles pHrodo by WM 

and GM microglia (n=100 cells per group). B) Histogram showing the percentage of cells belonging 

to the given categories regarding the rate of phagocytosis. C) Representative photomicrographs from 

the time-lapse confocal microscopic measurements showing the accumulation of the pHrodo-coupled 

bacterial bioparticles in microglial phagolysosomes. As seen in the pictures, pHrodo only becomes 

visible as a fluorescent signal when present in an environment with low pH, such as the lysosomes. 

GM mg, grey matter microglia; WM mg, white matter microglia. See figure on the previous page.

Genome wide gene expression analysis of acutely isolated white and grey matter 

microglia from mice

To investigate the differences in the gene expression pattern between cortex and 

corpus callosum resident microglia populations, we performed a genome wide gene 

expression analysis using Illimuna bead arrays. Eight biological replicates were 

used for each group (WM and GM microglia), each of which consisted of a pool of 

three to five mice. After normalisation and log2 transformation, the two groups were 

tested for the presence of significantly differentially expressed genes. We found more 

than 1,300 genes that were expressed at a significantly higher level in GM than in 

WM microglia and around 1,200 genes that were expressed at a significantly higher 

level in WM than in GM microglia (Fig. 6A-B). The fold change difference between 

the expression levels of WM and GM microglia genes was rarely above fivefold, 

and the largest difference was less than 20 fold (Fig. 6B). Next the gene lists were 

submitted to gene ontology analysis using DAVID web-application (http://david.

abcc.ncifcrf.gov/) to investigate the identity of the significantly different expressed 

genes. Several neuroimmunologically-relevant pathways showed to be significantly 

enriched (modified Fischer Exact p value for gene enrichment analysis/EASE score 

threshold: 0.05, multiple testing correction: Benjamini) in the differently expressed 

genes (Fig. 6C-D). Amongst the pathways that were significantly enriched in genes 

expressed at a higher level in WM microglia (p=3.0E-5, Benjamini=4.8E-3) was the 

Toll-like receptor signalling pathway. Importantly, as depicted in Figure 6C, the 

differently expressed genes belonging to this pathway included the receptors (Tlr1, 

Tlr2, Tlr6, Tlr4 and Cd14), members of the signalling cascade (Tirap, Irak4, Traf6) and 

the effector molecules (Tnf, Ccl5, Ccl4). Similarly, the pathway of antigen processing 

and presentation was also showing the trend of being enriched in genes expressed 

at a higher level in WM microglia (Fig. 6D, p = 1.8E-1, Benjaminin=6.3E-1). Among 

the significantly differentially expressed genes belonging to this pathway were genes 

associated with antigen processing and loading of the major histocompatibility 

molecules with the processed antigen (Hsp70, Ifi30 (Gilt), Ctsb, Ctsl, Ctss, H2-DM). 

Moreover, the genes associated with the major histocompatibility complex I and II 

and the invariant chain CD74 (Ii) were significantly differentially expressed as well 

(Fig. 6D). 
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Figure 6. Genome wide gene expression analysis reveals significantly differentially 

expressed genes in white and grey matter mouse microglia. A) The scatter plot represents the 

normalised expression levels of the significantly (corrected p value<0.05) differentially expressed 

genes between WM and GM microglia (n=3-5 mice per group, 8 replicates). The diagonal red lines 

represent the cut off value of 1.5 fold difference in expression level. B) In the volcano plot depicting 

the significantly (corrected p value <0.05) different expressed genes, the fold change difference 

between the expression level of a given gene in WM and GM microglia is plotted against the –log10 

transformed p value of the particular gene. The vertical red lines represent the cut off value of 

1.5 fold difference in expression level. C) and D) show example pathways that were significantly 

enriched in differentially expressed genes between WM and GM mouse microglia. The significantly 

differentially expressed genes are represented in red ellipses. Pathway analysis was done using 

DAVID web application. Pathways reconstructed based on KEGG pathway. C) The Toll-like receptor 

pathway was significantly enriched in genes that were expressed at a significantly higher level 

in WM microglia. D) The antigen processing and presentation pathway was significantly enriched 

in genes that were expressed at a significantly higher level in WM microglia. FC, fold change; p, 

corrected p value.
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Immunophenotyping of white and grey matter microglia from mice by flow cytometry

We next investigated the observed differences in gene expression at the protein level 

using flow cytometry. Surface markers belonging to the two signalling pathways 

that were significantly enriched in genes expressed at a significantly higher level in 

WM than in GM microglia were chosen, namely the Toll-like receptor pathway (two 

independent experiments) and the antigen processing and presentation pathway 

(three independent experiments). Contrary to our gene expression analysis, we found 

no differences between WM and GM microglia in respect of the surface expression 

of selected Toll-like receptors (Figure 7B), MHCII and the co-stimulatory molecules 

under physiological conditions (SAL histograms in Figure 7C). In accordance with 

previous reports (31, 32), the above mentioned surface markers were either absent 

(e.g TLR1, MHCII) or expressed at a low level (e.g. TLR2, TLR4) on microglia in the 

non-inflamed murine brain. To explore whether the differences observed at the 

gene expression level translate into dissimilarities in the responsiveness of WM 

and GM matter microglia upon stimulation in vivo, we performed flow cytometric 

analysis of certain selected activation markers (among others MHCII and the co-

stimulatory molecules) of WM and GM microglia isolated from an endotoxemia 

model. As depicted in Figure 7D, the induction of several activation markers was 

different between WM and GM microglia. While F4/80, CXCR3 and CD80 were 

induced to a similar extent in both WM and GM microglia (Figure 7D), there was 

a three fold stronger induction of CD40 and CD86 in white matter microglia than 

in grey matter microglia (Figure 7C). Induction of MHCII was also slightly stronger 

in white compared to grey matter microglia upon peripheral endotoxin challenge 

(Figure 7C-D).
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Figure 7. Comparison of the expression levels of Toll-like receptors and certain microglia 

activation markers on white and grey matter microglia by flow cytometry. A) Acutely iso-

lated white and grey matter microglia showed the characteristic forward and side scatter (FSC/

SSC) profile and the typical CD11bhigh/ CD45intermediate expression levels. The events within R1 were 

used for further analysis. B) TLR2 and TLR4 were expressed at a low level on acutely isolated white 

and grey matter microglia under physiological conditions, while TLR1 was not present (representa-

tive histograms of one out of two independent experiments). C and D) Induction of the expression 

of certain inflammatory markers on white and grey matter microglia upon systemic LPS challenge. 

Under physiological conditions most of the markers were expressed at a comparable level between 

white and grey matter microglia. In the endotoxemia model, some markers (such as CD86, CD40 

and MHCII) were induced to a greater extent in white matter microglia than in grey matter microglia. 

Histograms show representative measurements of one out of three independent experiments. MFI, 

mean fluorescent intensity; WM mg, white matter microglia; GM mg, grey matter microglia; LPS, li-

popolysaccharide challenge; SAL, saline injected.
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Activation of microglia in mouse brain following injection with neuronal debris in the 

absence of myelin

Recently, Clarner and colleagues suggested that the low degree of microglia activation 

in the GM is a result of less myelin present in the GM region (18). We observed 

a similar degree of axonal damage in the WM and GM part of leukocortical MS 

lesions, but clear differences in inflammation. Therefore, we investigated whether 

the presence of neuronal debris would result in microglia activation in both WM 

and GM. Neuronal debris derived from rat was injected stereotactically in mice 

(n=2) followed by immunochemistry. To compare microglia activation in the GM and 

WM, neuronal debris was injected in the cortex followed by injection in the corpus 

callosum. In both areas injection of neuronal debris led to microglia activation 

indicated by staining with anti-Iba1 (Fig. 8). Neuronal debris was also present. 

Using laser scanning confocal microscopy, phagocytosis of neuronal antigens in 

the area of injection was observed by Iba1+ cells (Fig. 8 H-I), in both the WM and 

GM. These results indicate that in mice, there seem to be no differences in the 

ability of HLA-DR+ cells in the WM and GM to respond to acute injury.

Figure 8. Microglia activation following neuronal debris injection in mouse brain. A) 

Coronal overview of the region where stereotactic neuronal debris application has been performed 

(indicated by stars). The injection channel indicated by the arrows was identified using haematoxy-

lin and eosin stain (B). C) Identification of microglia expressing Iba1 in the injection channel showing 

the cortex (upper square and D) and corpus callosum (lower square and E). Neuronal debris as iden-

tified with NF-L at the area of injection (F). G) Enlargement of dotted square in (F). H and I) Confocal 

microscopy shows Iba1  microglia (green) containing neuronal antigens (NF-L, red, arrowhead) in 

the cortex at the injection site. Scale bars=100 µm (A/C/F), 200 µm (B), 50 µm (D/G), 25 µm (E), 30 

µm (H), 10 µm (I).
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Discussion

In MS, GM lesions have only become extensively studied in the last decade since 

axonal damage correlates with clinical disability (1). In particular, leukocortical 

lesions are interesting because of the ability to directly compare damage in the 

WM and GM. The striking difference in the extent of inflammation between the 

WM and GM allows investigation of mechanisms of myelin damage, axonal damage 

and inflammation in MS (19). Furthermore, regional differences in the surface 

expression of several important neuroimmunological molecules on microglia from 

mice (31) indicate distinct microglia populations. Several lines of evidence suggest 

that the most distinct differences between the microglia populations are found 

in the WM and GM, including (but not restricted to) the corpus callosum and the 

cerebral cortex, respectively. Next to the evident morphological disparities, WM 

and GM microglia are known to be differentially affected by brain ageing, show 

differences in the cellular expression levels of several activation markers under 

physiological conditions and contribute to a different inflammatory milieu in WM 

versus GM lesions in demyelinating disorders. Therefore, differences between 

microglia residing in the WM and GM might explain the differences observed in 

leukocortical lesions regarding inflammation. We have shown that phagocytosis of 

neuronal antigens occurs in active and chronic active WM MS lesions (17). However, 

whether phagocytosis of neuronal debris occurs in GM lesions is as yet unknown. 

In WM MS lesions axonal damage correlates with the degree of inflammation (2-

5, 17). Although inflammation might contribute to axonal damage, inflammation 

in the GM is not as extensive as in the WM but damage is clearly present (2, 19). 

To investigate these findings we compared the GM and WM part of leukocortical 

lesion and confirmed higher levels of inflammation in the WM part compared to 

the GM part of the lesions. However, this difference was not clear in the extent of 

axonal damage. This might indicate that in the GM, activated microglia are more 

toxic or other mechanisms contribute to axonal damage. Axons in the GM might be 

more vulnerable to environmental changes as well since these axons are not fully 

myelinated. Therefore, little inflammation present in the GM may have a greater 

impact than in the WM. Since we did not observe a correlation between axonal 

damage and the number of HLA-DR+ cells in the GM, different mechanisms most 

likely contribute to axonal damage in the GM. One possibility might be the production 

and secretion of toxic molecules by HLA-DR+ cells influencing axonal integrity and 

causing axonal damage in the GM (2, 6, 9). The observed axonal damage in the GM 

without apparent inflammation might also be a result of retrograde degeneration 

(33). Although still a subject of debate, meningeal inflammation has been implicated 

in cortical pathology (34-37), but it is still unclear whether a relation between 

meningeal infiltrates and leukocortical lesions exists. In the paraffin blocks we 

included in this study, meningeal tissue was not present. 

Despite the fact that the nature of the relationship between microglia morphology 

and state of activation still awaits elucidation, one of the most widely accepted signs 

of microglia activation is their transformation from highly ramified to rounded cells, 

accompanied by gradual shortening and thickening of the processes. We observed 

significant differences between WM and GM microglia in respect of the length, 

volume and the number of branching points of their processes, confirming the 

earlier subjective observations regarding their morphological differences (38). WM 

microglia had consistently fewer and less ramified processes than GM microglia, 

which might point towards a different state of activation. To investigate whether, 

as suggested by their morphological differences, WM and GM microglia exist at 
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a different state of activation, we performed a genome wide mRNA expression 

analysis of the two microglia populations from mice. For most of the genes, 

normalised gene expression levels were generally very low in both WM and GM 

microglia. Nonetheless, microarray analysis of gene expression revealed more 

than two thousand genes that were significantly differentially expressed between 

WM and GM microglia. Many of these differentially expressed genes belong to 

pathways involved in neuroimmunological processes, such as the Toll-like receptor 

pathway and the antigen processing and presentation pathway. However, most of 

the differences observed at the gene expression level were small (less than fivefold 

difference in the normalised expression levels) and were not apparent at the protein 

level under physiological conditions. On the contrary, WM and GM microglia that 

were systemically challenged with LPS in an endotoxin model showed moderate 

differences in the induction of some of the co-stimulatory molecules and MHCII. 

This up regulation is in line with other reports showing induced expression of genes 

upon exposure to different stimuli (31, 32, 39). The fact that we could, with a highly 

sensitive technique, detect differences at the gene expression level between corpus 

callosum and cortex resident microglia, which could not be identified at the protein 

level under physiological conditions, but were (to some extent) confirmed upon 

peripheral LPS challenge, might highlight the possibility that the true nature of the 

differences between these populations would manifest themselves under the state 

of compromised CNS homeostasis. 

One of the major characteristics of microglia is phagocytosis of debris, suggested to 

be essential for regeneration in neurological deficits (40-43). Phagocytosis of APP+ 

structures by HLA-DR+ cells was significantly more frequent in the WM compared 

with the GM in leukocortical MS lesions. However, in time-lapse experiments with 

acutely isolated mouse microglia in vitro we did not observe distinct differences 

in phagocytic capacity between microglia from cortex or corpus callosum. Similar 

phagocytic capacity was also observed in human microglia derived from WM and 

GM post-mortem tissue (preliminary data, not shown). The nature of the debris and 

local environment in which microglia phagocytose might be important in regulating 

clearance of debris (44-46). Moreover, the contribution of phagocytosis of neuronal 

antigens could influence the nature of the microglia and macrophages present. 

Previous studies showed that phagocytosis of myelin induces an anti-inflammatory 

phenotype in macrophages (46). Preliminary studies with human microglia derived 

from WM brain tissue showed a trend in up regulated gene expression of the 

pro-inflammatory cytokine IL-17 and anti-inflammatory cytokine TGFβ 1 h after 

phagocytosis of human WM debris compared to human GM debris. It is likely that 

the local environment is of importance in induction of immune responses, since 

recently it is shown that in the cuprizone animal model, where demyelination is 

induced in both WM and GM, mRNA levels of the chemoattractants CCL2 and CCL3 

are less expressed in the GM compared to the WM (47). One of the explanations of 

less microglia activation in the GM is the presence of less myelin compared to the 

WM (18). Clarner and colleagues show that stereotactic injection of myelin in the 

cortex and corpus callosum in mice leads to similar microglia activation in both 

regions. Because our focus is more on axonal damage in WM and GM, we injected 

neuronal debris in the cortex and corpus callosum of mice and also observed similar 

activation of Iba1+ cells in these regions. Although we did not investigate the origin 

of these Iba1+ cells, this result indicates that acute axonal damage can activate 

microglia in WM and GM.

In conclusion, functional differences between HLA-DR+ cells in the GM and the WM 
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might be responsible for the extent of axonal damage observed in the GM part of 

leukocortical MS lesions, despite the lower degree of inflammation compared with 

the WM.
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Supplementary Figure 1. Significant differences in cell morphology between microglia re-

siding in the CNS white and grey matter. (A-D) The total dendrite area per cell, the total dendrite 

length per cell, the total dendrite volume per cell and the total number of ramification points per cell 

is plotted for WM and GM microglia, respectively. E) The average dendrite diameter per cell is plotted 

against the average dendrite length per cell. Error bars in B-F represent the standard error of the 

mean (SEM). n=10 for both WM and GM microglia. * p<0,001; GM mg, grey matter microglia; WM mg, 

white matter microglia. See figure on the previous page.
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