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Abstract
Background: In multiple sclerosis (MS) myelin debris has been observed within MS 
lesions, in cerebrospinal fluid and cervical lymph nodes, but the route of myelin transport 
out of the brain is unknown. Drainage of interstitial fluid from the brain parenchyma 
involves the perivascular spaces and leptomeninges, but the presence of myelin debris in 
these compartments has not been described. 
Aims: To determine whether myelin products are present in the meninges and perivascular 
spaces of MS patients. 
Methods: Formalin-fixed brain tissue containing meninges from 29 MS patients, 9 non-
neurological controls, 6 Alzheimer’s disease, 5 stroke, 5 meningitis and 7 leukodystrophy 
patients was investigated, and immunohistochemically stained for several myelin proteins 
[myelin proteolipid protein (PLP), myelin basic protein (MBP), myelin oligodendrocyte 
glycoprotein (MOG) and 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNPase)]. On brain 
material from MS patients and (non-)neurological controls, PLP immunostaining was 
used to systematically investigate the presence of myelin debris in the meninges, using a 
semiquantitative scale. 
Results: Extensive extracellular presence of myelin particles, positive for PLP, MBP, MOG 
and CNPase in the leptomeninges of MS patients was observed. Myelin particles were also 
observed in perivascular spaces of MS patients. Immunohistochemical double-labelling 
for macrophage and dendritic cell markers and PLP confirmed that the vast majority of 
myelin particles were located extracellularly. Extracellular myelin particles were virtually 
absent in meningeal tissue of non-neurological controls, Alzheimer’s disease, stroke, 
meningitis and leukodystrophy cases. 
Conclusions: In MS leptomeninges and perivascular spaces, abundant extracellular myelin 
can be found, whereas this is not the case for controls and other neurological disease. 
This may be relevant for understanding sustained immunogenicity or, alternatively, 
tolerogenicity in MS.
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Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

(CNS) characterised by inflammation, multifocal demyelination and axonal loss.1,2 The 
mechanisms underlying MS pathogenesis are still largely unclear, however it is widely 
assumed that T-cells are sensitised to myelin or oligodendrocyte antigens in the periphery 
and subsequently initiate autoimmune inflammation in the brain.3 Hence, ongoing 
immune availability of myelin antigens is considered to influence the development 
and perpetuation of MS and the control of the autoimmune response may depend on 
the presence of myelin antigens.4 Myelin antigens have been observed in phagocytic 
and antigen presenting cells (APCs) in cervical lymph nodes (CLN) of monkeys with 
experimental autoimmune encephalomyelitis (EAE), an animal model for MS, and in 
CLN of MS patients.5,6 CLN are known for creating a suitable microenvironment for the 
induction of immunological tolerance.7

Previously, it has been shown that CNS interstitial fluid drains along the perivascular 
space to the leptomeninges.8-12 Furthermore, cerebrospinal fluid (CSF) is distributed via 
the ventricular system through the subarachnoid space.13 Hence, it is considered that, 
although the CNS is assumed to be an immune-privileged site, there is communication 
between the CNS parenchyma and the peripheral immune compartment.14 The CLN are 
considered to be the first drainage site of the brain.10,14 It is unclear how myelin debris, 
resulting from demyelinating MS lesions, leaves the brain parenchyma and gains access to 
the peripheral immune system. On one hand, phagocytic or dendritic cells (DCs) bearing 
CNS-derived antigen may migrate out of the CNS parenchyma. On the other hand, it is 
assumed that antigen transport from the CNS parenchyma occurs predominantly by 
drainage of soluble antigens via bulk flow of interstitial fluid out of the CNS.14-16 APCs 
present in the less immune-privileged CSF and meninges might then subsequently take 
up (CNS-derived) antigens and transport these antigens to the CLN.14,17 Alternatively, 
soluble antigens or particles may drain to the CLN in a non-cell bound manner.14 The 
efferent arm of the CNS immune response occurs via leukocytes and antibodies.14,18-20 

The current study aimed to investigate the presence of myelin debris in the leptomeninges 
and perivascular spaces of MS patients, and if so, whether this myelin is associated with 
meningeal macrophages and DCs.

Materials and methods
Human post-mortem brain material

For this study post-mortem brain material was obtained from the Netherlands Brain 
Bank, Amsterdam, the Netherlands and the Maryland Brain Bank, USA. A total of 73 
paraffin-embedded tissue blocks from 29 MS patients, 17 tissue blocks from 9 donors 
without neurological disease, 8 coronal tissue sections from 6 Alzheimer’s disease (AD) 
patients, 7 tissue sections from 5 stroke patients, 14 tissue sections from 5 meningitis 
patients (3 bacterial and 2 viral) and 9 tissue blocks from 7 leukodystrophy patients (5 
X-linked adrenoleukodystrophy and 2 vanishing white matter disease) (sampled from the 
institutional pathology files and kindly provided by Prof. M.S. van der Knaap, Amsterdam, 
the Netherlands) were selected for the presence of meningeal tissue. Additionally, 31 
frozen blocks from MS brain tissue with meninges were selected for oil-red O (ORO) 
staining. Clinical data of the MS donors, non-neurological controls, AD, stroke, meningitis 
and leukodystrophy patients are provided in Table 1 (see Supporting Information). 
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The age of MS patients at time of death ranged from 41 to 84 years (mean 63 years ± SD 
12.7 years) with a mean post-mortem delay of 8h:37min (±SD 3h:38min). The age of the 
non-neurological controls ranged from 45 to 99 years (mean 76 years ± SD 18.0 years) 
with a mean post-mortem delay of 22h:41min (±SD 16h:21min). The age of AD patients 
ranged from 70 to 99 years (mean 81 years ±SD 12.2 years) with a mean post-mortem 
delay of 5h:15min (±SD 1h:17min). The age of the stroke patients ranged from 60 to 87 
years (mean 69 years ±SD 11.0 years) with a mean post-mortem delay of 16h:0min (±SD 
3h:5min). The age of the meningitis patients ranged from 63 to 80 years (mean 70 years 
±SD 8.0 years) with a mean post-mortem delay of 9h:08min (±SD 13h:31min). The age of 
the leukodystrophy patients ranged from 3 to 52 years (mean 20 years ±SD 17.8 years) 
with a mean post-mortem delay of 10h:52min (±SD 7h23min)

For the AD cases, neuropathological assessment revealed Braak scores of >3 as described 
previously by Braak and Braak.21

The study was approved by the institutional ethics review boards (Amsterdam and 
Maryland) and all donors or their next of kin provided written informed consent for brain 
autopsy and use of material and clinical information for research purposes.

Histochemistry
Five μm cryosections were stained for oil-red O (ORO; Gurr; London, UK) for the detection 

of myelin degradation products (neutral lipids). Cryosections were incubated with 
filtered ORO solution for 10 min and briefly rinsed in tap water and counterstained with 
haematoxylin for 5 min, following intensive washing with tap water for 5 min.

Klüver-PAS stainings were performed for the detection of myelin, myelin degradation 
products and brain-macrophages on paraffin sections. Sections were deparaffinised in a 
series of xylene (3 x 5 min), 100% ethanol, 96% ethanol, 70% ethanol and water. Then, 
sections were incubated with 0.1% Luxol Fast-Blue (LFB) at 60ºC for 3h. After this, sections 
were rinsed in 96% ethanol for 10 sec and subsequently rinsed in distilled water. Sections 
were differentiated in 0.1% lithium carbonate and after this in 70% ethanol. Then, sections 
were rinsed in distilled water and incubated with 0.8% periodic acid solution for 10 min. 
Thereafter, sections were rinsed in tap water and subsequently in distilled water. Sections 
were incubated with Schiff’s solution for 30 min, rinsed in tap water. After a short rinse in 
tap water, sections were counterstained with hematoxylin for 5 min and intensely washed 
with tap water for 5 min.
 
Immunohistochemistry 

Five μm-thick paraffin sections were collected on Superfrost Plus glass slides (VWR 
international; Leuven, Belgium) and dried overnight at 37ºC. Sections were deparaffinised 
in a series of xylene (3 x 5 min), 100% ethanol, 96% ethanol, 70% ethanol and water. 
Endogenous peroxidase activity was blocked by incubating the sections in methanol 
with 0.3% H2O2. In case of primary immunostaining with anti-proteolipid protein (PLP) 
(mouse IgG2a; 1:3000; Serotec, Oxford, UK) or anti-myelin basic protein (MBP) (mouse 
IgG2b; 1:50; Chemicon International; Temecula, CA, USA) sections were rinsed for 3 x 
10 min with 0.01 mol/L phosphate buffered saline (PBS; pH 7.4) followed by incubation 
with primary antibodies diluted in PBS containing 1% bovine serum albumin (BSA) 
(Roche Diagnostics; Mannheim, Germany) for 1h. Sections stained with anti-myelin 
oligodendrocyte glycoprotein (MOG) (mouse IgG2a; 1:1000;22), anti-2’,3’-cyclic nucleotide 
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3’-phosphodiesterase (CNPase) (mouse IgG1; 1:100; Chemicon International; Temecula, 
CA, USA) and sections double stained for anti-PLP (1:1500 O/N) with macrophage 
marker anti-CD68 (clone: kp1; mouse IgG1; 1:3200; DAKO, Glostrup, Denmark), or the 
DC marker anti-dendritic cell-specific ICAM3 grabbing non-integrin (DC-SIGN; rabbit 
polyclonal; 1:500; kindly provided by Prof. Y. van Kooyk) were pretreated with citrate 
buffer (pH 6.0) and microwave antigen retrieval (10 min at 900W and 10 min at 360W). 
After pretreatment, sections were cooled to room temperature and rinsed 3 x 10 min 
with PBS. Subsequently, sections were incubated with primary antibodies diluted in PBS 
containing 1% BSA for 1h. Then, sections were rinsed again (3 x 10 min) and incubated 
with EnVision horseradish peroxidase (HRP) complex (DAKO; Glostrup, Denmark) and 
finally with 3,3’diaminobenzidine-tetrahydrochloridedihydrate (DAB; DAKO; Glostrup, 
Denmark) as a chromogen. After a short rinse in tap water, sections were counterstained 
with hematoxylin for 1 min and intensely washed with tap water for 5 min. Negative 
controls were prepared by immunostainings without primary or secondary antibody, or 
using IgG isotype-specific controls.     

Double (immuno)stainings 
For immunohistochemical double-staining, 5 μm paraffin sections were collected 

on Superfrost Plus glass slides (VWR international; Belgium, Leuven) and pretreated as 
described above. Sections were incubated with anti-DC-SIGN (rabbit polyclonal; 1:500) 
or anti-CD68 (clone: kp1; mouse IgG1; 1:3200) primary antibodies diluted in PBS with 
1% BSA for 1h at room temperature (RT). In case of primary staining with anti-DC-SIGN, 
sections were rinsed (3 x 10 min) and incubated with biotin-labelled swine anti-rabbit 
immunoglobulins F(ab’)2 (1:500) (DAKO; Glostrup, Denmark) diluted in 10% normal swine 
serum (DAKO; Glostrup, Denmark), 10% normal human serum and PBS with 1% BSA for 
30 min. Subsequently, sections were rinsed for 3 x 10 min and incubated for 1h at RT with 
streptavidin-biotin-peroxidase complexes (streptABComplex; DAKO, Glostrup, Denmark). 
Then, sections were rinsed for 3 x 10 min and peroxidase reaction was developed with 
aminoethyl carbazole (AEC; Invitrogen, Raisley, UK) single substrate solution. In case of 
CD68, sections were incubated with HRP-labelled goat anti-mouse IgG1 isotype specific 
secondary antibody (1:100) (Southern Biotechnology Associates; Birmingham, USA) 
diluted in 10% normal goat serum (DAKO; Glostrup, Denmark), 10% normal human serum 
and PBS with 1% BSA for 1h. Sections were rinsed again for 3 x 10 min and AEC was used 
as a chromogen. 

After visualising DC-SIGN+ or CD68+ cells, sections were again rinsed for 3 x 10 min in PBS 
and subsequently incubated with the PLP antibodies overnight (1:1500) at RT. After this, 
sections were rinsed for 3 x 10 min in PBS and incubated with an IgG2a isotype specific 
alkaline phosphatase-labelled goat anti-mouse (1:20; Southern Biotechnology Associates; 
Birmingham, USA) diluted in 10% normal goat serum, 10% normal human serum and 
PBS with 1% BSA for 1h. Fast Blue BB Base (Sigma-Aldrich; St. Louis, USA) was used as 
chromogen. 

Gomori’s reticulin stain was used in combination with the immunostain for PLP to 
determine the exact location of myelin in the perivascular spaces. Briefly, sections were 
deparaffinised as described above, and subsequently incubated with 0.5% potassium 
permanganate (2 min), 2% potassium metabisulphite (1 min), 3% ferric ammonium 
sulphate dodecahydrate (3 min), filtered silver diamine solution (30 sec), 10% formalin 
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(5 min), 0.2% gold chloride (5 min), 2% potassium metabisulphite (1 min), 2% sodium 
thiosulphate (1 min) and finally washed in tap water, distilled water and PBS.  In between 
the different incubation steps, sections were rinsed in tap and distilled water. PLP 
immunostaining was performed as described above.

Quantification of immunohistochemical stainings
The presence and extent of myelin (PLP immunopositivity) in the meninges of MS patients,  

non-neurological controls, AD, stroke, meningitis and leukodystrophy patients was scored 
using a semi-quantitative scale. The presence of PLP immunopositivity in the meninges 
was determined as follows: 0, no immunostaining; 1, moderate amount immunostaining; 
and 2, strong amount immunostaining. Semiquantitative measurements were scored 
blindly and in consensus (EJK, MEW, JJGG), and finally semiquantitative values were 
averaged for each patient.

Statistical analyses
Data was statistically analysed using SPSS software (SPSS Inc., Chicago, IL, USA). As the 

variables were not distributed normally, the nonparametric Mann-Whitney U test was 
used for comparing semiquantitative measurements of the MS group with the non-
neurological control, AD, stroke, meningitis and leukodystrophy groups and corrected 
for multiple comparisons (Bonferroni). Differences were considered to be significant at  
P < 0.05.  

Results
Abundant extracellular myelin in the meninges of MS patients

Myelin was visualised by anti-PLP monoclonal antibodies and all stainings were of 
sufficient quality for subsequent analysis. In MS brain tissue, white and grey matter 
MS lesions were readily detectable with PLP immunostainings as described before.23,24 
Leptomeningeal tissue was present in every tissue sample investigated. Interestingly, PLP 
immunostainings revealed extensive, extracellular presence of myelin in the meninges of 
all MS cases (Fig. 1). At higher magnifications it was clear that the stainings for PLP showed 
a globular pattern and was located extracellularly within the interstitium of the meninges 
(Fig. 1B inset; arrows). Numerous PLP-negative monocyte/macrophage-like cells (Fig. 1B 
inset; arrow-head) were found in close proximity to extracellular myelin particles (Fig. 1B 
inset; arrows). Immunopositivity was observed both in meningeal tissue that was located 
directly adjacent to normal-appearing cortex (Fig. 1A) and in meningeal tissue adjoining 
subpial cortical MS lesions (Fig. 1B,D-F). Occasionally, a PLP-immunonegative portion of 
meningeal tissue was found within an MS case (data not shown). Besides a strong intrinsic 
staining of collagenous fibres and erythrocytes (Fig. 1C; arrowheads inset), Klüver-PAS 
stainings confirmed the presence of numerous extracellular, small globular LFB-positive 
structures in the meninges of MS patients, suggestive of myelin particles (Fig. 1C; arrows 
inset). The staining pattern of other CNS myelin-specific proteins, including MBP, MOG 
and CNPase, showed similar immunostaining patterns in serial sections (Fig. 1D-F resp.). 
Additionally, as in the PLP immunostainings, these myelin-specific immunostainings also 
revealed numerous immunonegative monocyte/macrophage-like cells (Fig. 1D-F insets; 
arrowheads) in close proximity to extracellular myelin (Fig. 1D-F insets; arrows). Negative 
controls, including isotype-specific controls, were all negative (data not shown).
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Figure 1. Abundant extracellular myelin in the meninges (M) of (multiple sclerosis) MS patients. (A) Post-mortem 
brain tissue containing meningeal tissue adjacent to normal appearing cortex (CTX) from a representative MS 
patient (Case 6) showing intense, extracellular myelin proteolipid protein (PLP)-immunopositivity. (B) Brain tissue 
from a representative MS patient (Case 12) containing meningeal tissue directly adjacent to a large subpial grey 
matter lesion (GML) showing extensive presence of extracellular myelin revealed by anti-PLP immunostaining 
(B inset; arrows: PLP-positive myelin particles; arrowhead: PLP-negative monocyte/macrophage-like cell). (C) 
Klüver-PAS staining demonstrating myelin particles throughout the leptomeninges, confirming the presence 
of abundant extracellular myelin in the meninges of MS patients (C inset; arrows: Luxol Fast-Blue (LFB)-positive 
myelin particles; arrowheads: LFB-positive erythrocytes) (Case 12). (D) Immunostainings on serial sections for 
MBP, (E) MOG (F) and CNPase indicating immunopositivity for several myelin proteins in the meninges of MS 
patients (Case 12) (insets; arrows: immunopositive myelin particles; arrowheads: immunonegative monocyte/
macrophage-like cells). Scale bars 37.5 μm.
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Extracellular myelin in the perivascular spaces of MS patients
Besides the presence of extracellular myelin debris in leptomeningeal tissue from MS 

patients, extracellular myelin particles were also observed in perivascular spaces within 
grey and subcortical white matter of MS patients (Fig. 2A and 2B,C resp.). In perivascular 
spaces of longitudinally transected vessels in the cerebral cortex, PLP-immunopositive 
particles surrounding the vessel were clearly distinguishable (Fig. 2A; inset). Extracellular 
myelin was observed in perivascular spaces surrounding vessels located in white matter 
lesions (Fig. 2B), as well as in normal-appearing white matter (Fig. 2C). Double stainings 
for reticulin and PLP confirmed that the exact location of the extracellular myelin 
surrounding vessels is the perivascular space (Fig. 2B inset and Fig. 2C), as myelin particles 
were observed between the vessel basement membrane and the basement membrane of 
the glia limitans (Fig. 2B inset and Fig. 2C; arrowheads). PLP-positive myelin particles were 
observed in perivascular spaces of veins as well as of arteries (Fig. 2B,C).

Colocalisation of myelin with macrophages 
and dendritic cells

ORO-positive phagocytes were only sporadically found in the meninges of MS patients  
(data not shown). Further analysis of cellular localisation of myelin proteins using 
immunohistochemical double stainings for dendritic cell (DC-SIGN) and macrophage 
(CD68) markers and anti-PLP confirmed that most of the myelin proteins present in the 
meninges of MS patients are located extracellularly (Fig. 3A,B resp.).

Figure 2. The presence of myelin particles in the 
perivascular spaces of the grey and white matter 
of MS patients. (A) Anti-myelin proteolipid protein 
(PLP) immunostaining revealed a subpial grey matter 
lesion (GML) with a longitudinally transected vessel 
with perivascular PLP immunopositivity, suggestive 
of myelin particles (inset; arrows) (Case 17). (B) Anti-
PLP immunostainings revealed extracellular presence 
of myelin particles in perivascular spaces in a white 
matter lesion (WML). Double stainings for reticulin and 
PLP revealed that the extracellular myelin particles (*) 
are located between the vessel basement membrane 
and the basement membrane of the glia limitans (B 
inset and C; arrowheads). The vessel shown in the 
inset is an arteriole. (C) Double stainings for reticulin 
and PLP revealed a venule surrounded by PLP-positive 
myelin particles in the perivascular space located 
in the normal-appearing white matter (Case 9) (L = 
lumen). Scale bars 75 μm in (A), 150 μm in (B) and 37.5 
μm in (C).
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Although double stainings for DC-SIGN and PLP revealed sporadically colocalisation 
(data not shown), most of the DC-SIGN positive cells lacked PLP-immunopositivity (Fig. 
3A). Additionally, clusters of dendritic cells in the meninges of MS patients could be found 
in close proximity to myelin particles (Fig. 3A; inset). Double stainings for CD68 and PLP 
also showed occasional colocalisation (data not shown); however, the vast majority of 
PLP-positivity was found extracellularly (Fig. 3B). 

Figure 3. Colocalisation of myelin with dendritic cells and macrophages in the meninges (M) of multiple sclerosis 
(MS) patients. (A) Clusters of DC-SIGN immunopositive DCs (DC-SIGN in red) are localised in close proximity to 
myelin particles (PLP in blue), confirming that the majority of the myelin (arrows) was found extracellularly and 
not within DCs in the meninges (Case 29) (B) Colocalisation of macrophages (CD68 in red) with myelin proteins 
(PLP in blue) also revealed hardly any colocalisation, indicating that the vast majority of the myelin proteins 
(arrows) present in the meninges of MS patients is located extracellularly (Case 29). DC-SIGN, dendritic cell-
specific ICAM3-grabbing nonintegrin; PLP, myelin proteolipid protein. Scale bars 37.5 μm. 

Lack of extracellular myelin in the meninges of other neurological disorders and non-
neurological controls

In brain tissue sections from non-neurological controls containing leptomeningeal tissue 
virtually no PLP-immunopositivity was found (Fig. 4A). Meningeal tissue from several 
neurological diseases, including AD (not shown), stroke (Fig. 4B), meningitis (Fig. 4C) 
(bacterial and viral) and leukodystrophy patients (Fig. 4D) (X-linked adrenoleukodystrophy 
and vanishing white matter disease) revealed virtually no (extracellular) myelin.

Brain tissue from stroke patients contained clearly visible (sub)cortical infarcts with a 
lack of PLP-immunopositivity in these areas (Fig. 4B). In the leptomeninges of the stroke 
patients practically no extracellular presence of myelin proteins was observed (Fig. 4B; 
arrow). However, in all stroke tissue samples, numerous PLP-positive phagocytes were 
found in the (affected) brain parenchyma and meninges (Fig. 4B inset; arrows).

Leptomeningeal tissue from several meningitis cases contained large leukocyte 
infiltrates (Fig. 4C; arrows), with intact cortical tissue. This patient group also did not reveal 
PLP-immunopositivity in meningeal tissue.

In X-linked adrenoleukodystrophy patients, characterised by a severe inflammatory 
response (Fig. 4D; arrow), PLP-positive phagocytes were rarely found. No extracellular 
accumulation of myelin particles was observed in the meninges of X-linked 
adrenoleukodystrophy patients (Fig. 4D; inset). In vanishing white matter disease, where 
typically no inflammation occurs, PLP-positivity was also not found in the meninges (data 
not shown).

Semiquantitative measurements demonstrated significant differences between the 
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presence and extent of extracellular myelin in the meninges of MS patients (median 
value: 1.75) when compared to non-neurological controls (median value: 0), AD (median 
value: 0), stroke (median value: 0.33), meningitis (median value: 0) and to leukodystrophy 
patients (median value: 0) (Fig. 5; P < 0.0005, P < 0.0005 and P < 0.005, P < 0.0005, P < 
0.0005 resp.). Comparing semiquantitative values between the non-MS groups 
revealed no statistically significant differences in the presence and extent of myelin in 
the meninges. Extracellular presence of myelin particles was exclusively observed in 
MS patients, and was consistently found in all MS specimens investigated in this study.

Figure 4. The absence of myelin proteins in the meninges of (non)neurological controls. (A) Non-neurological 
controls immunostained for myelin proteolipid protein (PLP) did not show immunopositivity in the meninges. 
(B) PLP immunostainings on brain tissue of stroke patients revealed intact cortex and large areas (grey (I) 
and white matter (I*)) affected by a cerebral infarct. Little to no extracellular myelin in the meninges of stroke 
patients can be found (arrow), however, large numbers of PLP-positive phagocytes (B, arrows inset) are present 
in the meninges of stroke patients. (C) Brain tissue sections from meningitis patients immunostained for PLP 
revealed large meningeal infiltrates (arrows and inset), whereas the presence of extracellular myelin proteins 
was not observed in the meninges of either bacterial or viral meningitis cases. (D) In brain tissue from X-linked 
adrenoleukodystrophy (X-ALD), PLP immunostainings revealed extensive reduction of the myelin in the 
white matter (*) with relative sparing of the normal-appearing cortex (CTX; arrowheads). Furthermore, large 
perivascular infiltrates of macrophages and lymphocytes (arrow) can be found in X-ALD. No extracellular myelin 
presence was observed in the meninges of leukodystrophy patients (inset). Scale bars 75 μm in (A), 600 μm in 
(B/D) and 150 μm in (C). 

Discussion
Remarkably, the fate of myelin debris resulting from demyelinating processes in the 
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Figure 5. The presence and extent of extracellular myelin 
in the meninges of multiple sclerosis (MS) patients, 
non-neurological controls (Con), Alzheimer’s disease 
(AD), stroke, meningitis (Men and leukodystrophy (LD) 
patients. Semi-quantitative measurements, on the 
basis of anti-PLP immunostainings, revealed that there 
is significantly more myelin presence in the meninges 
of the MS patient group (median value: 1.75) when 
compared to the non-neurological control (median 
value: 0), AD (median: 0), stroke (median value: 0.33), 
meningitis (median value: 0) and leukodystrophy group 
(median value: 0) (P < 0.0005, P < 0.0005 and P < 0.005, 
P < 0.0005, P < 0.0005 resp.). No statistically significant 
differences in the presence and extent of myelin in the 
meninges were found between the non-MS groups.

CNS of MS patients has so far been 
unknown. Previously, (extracellular) myelin 
fragments were found in the CSF of MS 
patients.25,26 However, it is unknown how 

these myelin particles reach the CSF. The presence of large amounts of extracellular myelin 
debris in the meninges of MS patients has not been described before. In this study, using 
both standard histochemistry and immunohistochemical staining, we found abundant 
presence of extracellular myelin particles, positive for LFB and various myelin antigens 
(PLP, MBP, MOG and CNPase) in meningeal tissue of MS patients. Although LFB, a standard 
histochemical method for the detection of myelin, was shown to be less sensitive than 
immunohistochemistry with anti-myelin antibodies,23,27 numerous LFB-positive structures 
with typical morphology suggestive of myelin particles were found in leptomeningeal 
tissue of MS patients. The presence of abundant myelin particles in the meninges was 
MS-specific, as non-neurological controls, AD, stroke, meningitis and leukodystrophy 
patients showed virtually no extracellular myelin in the meninges. Although the vast 
majority of the myelin products were found extracellularly in MS, myelin was sporadically 
also detected within DCs and macrophages. However, intracellular myelin was far less 
common in MS than e.g. in the stroke cases, where myelin debris was almost exclusively 
found within meningeal macrophages. Due to the high consistency of myelin presence 
in MS meningeal tissue, there was no correlation between lesion activity in the MS brains 
and the extent of myelin presence in the meninges.

It has been shown that in early active MS lesions, macrophages contain myelin 
degradation products that are immunoreactive for all myelin proteins, including PLP, 
MBP, MOG and CNPase.28,29 In late active lesions, only PLP and MBP are immunoreactive 
in macrophages. These findings are in line with in vitro data, confirming the sequential 
degradation of MOG, PLP and MBP respectively.30 PLP and MBP account for the majority of 
myelin proteins, which might explain the differences in degradation rates. Alternatively, 
differences in degradation rate might be explained by protease sensitivity of the different 
myelin proteins. As most of the myelin in the meninges and perivascular spaces was 
localised extracellularly and the fact that myelin particles are immunopositive for all myelin 
proteins we suggest that these particles might not have been taken up and degraded by 
(meningeal) macrophages in our chronic MS material.

Interstitial fluid from the white matter drains directly through the ependyma into the 
ventricular CSF and is thus able to reach the subarachnoid space.31 Interstitial fluid from the 
grey matter mainly drains via periarterial pathways into perivascular spaces surrounding 
leptomeningeal arteries on the surface of the brain.9,11,12 Although the CNS is assumed to 
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be an immune-privileged site, it is well-known that despite the lack of a lymphatic system, 
part of the bulk flow of white and grey matter interstitial fluid, via the above described 
pathways, can drain to the deep CLN.10-12,14,32-38 However, the exact mechanisms of 
transport of CNS-derived antigens to the CLN are essentially unknown and could be either 
cell-bound or in the form of free particles. Our findings of extracellular myelin particles 
in the meninges and perivascular spaces of MS patients indicate that these routes might 
contribute to the drainage of myelin debris out of the brain parenchyma and may explain 
the previous findings of (extracellular) myelin fragments in the CSF and CLN.25,26

Recently, Carare et al.15  showed that solutes (dextran, 3 kDa and ovalbumin, 40 
kDa) injected in the corpus striatum of mice drain along the basement membranes 
of capillaries and arteries out of the brain. However, particulate matter (fluospheres) 
injected in the striatum has been shown to accumulate in the perivascular spaces, 
leading to dilated perivascular spaces. Provoking a local inflammatory response with 
either lipopolysaccharide or kainic acid did not result in the migration of cells that had 
ingested fluospheres out of the brain parenchyma. In contrast, when injected into the 
lateral ventricles, fluospheres can be found in the CLN, liver and spleen. This suggests that 
perivascular spaces are not common pathways for the traffic of particles and inflammatory 
cells from the brain parenchyma, but are sites where debris might be accumulating. Our 
observations of myelin particles in the perivascular spaces in the white and grey matter 
of MS patients are of interest in relation to the experimental data from Carare et al.,15 and 
may represent accumulation of particles, rather than a predetermined route of transport.

Several studies indicated that drainage of brain-derived antigens is an important factor 
for initiating and regulating immune responses in the CNS.5,13,39-41 It has been shown that 
removal of CLN results in reduced antibody production, affects T-cell responses and is 
therefore considered to be important for B- and T-cell mediated immune reactions in the 
CNS.34,39,42-46 Alternatively, evidence is accumulating that the presence of brain-derived 
antigens in- and outside the CNS could suppress immune responses.13,40,41,47-51 Thus, the 
presence of myelin antigens in the meninges may also lead to the induction of tolerogenic 
effects.

Recent results suggested that the peripheral immune compartment does not play 
an essential role in CNS inflammatory events.52 Instead, it was postulated that T-cells 
recognising their cognate antigen by DCs and macrophages in the meninges and 
perivascular spaces are sufficient to generate autoimmune inflammation in the brain and 
ultimately neurologic disability.52 Myelin antigens can be processed and presented on 
major histocompatibility complex class II molecules on DCs in perivascular spaces and 
meninges. Hence, cognate priming of myelin sensitive T-cells with these resident DCs was 
proposed to be an essential event for T-cells to invade the CNS.52,53 Furthermore, it has been 
suggested that the accumulation of T-cells, B-cells, plasma cells and DCs in the meninges 
and perivascular spaces of MS patients results in tissue damage (e.g. subpial cortical 
demyelination) caused by myelinotoxic substances diffusing from the subarachnoid and 
perivascular space.53-56 However, myelin accumulation seems not to correlate with the 
presence and extent of cortical demyelination and neither with the presence of meningeal 
B-cell follicles as these structures were not all observed in our tissue.

Based on our findings, we postulate that, following myelin (or oligodendrocyte) damage, 
myelin debris is drained from ([sub]cortical) lesions to the perivascular space and from 
there to the meninges. The debris either accumulates in the meninges or is further drained 
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to the CSF and CLN in a predominantly noncell-bound manner. In these compartments, a 
minority of the material is then taken up by DCs and macrophages, while the bulk of myelin 
debris remains extracellular. The chronic availability of myelin in the meninges can either 
enhance chronic inflammation or suppress immune responses leading to tolerogenic 
effects and thereby modulating the MS disease process. Future studies are warranted to 
further unravel the (lack of ) clearance of extracellular myelin from the meninges in MS. 
For example, one of the most intriguing questions remaining is why the myelin debris 
in the meninges of MS patients is not cleared through massive uptake by meningeal 
macrophages as seen e.g. in stroke patients. The findings described in this study and the 
implications of these findings may serve as a starting point for further investigation of 
myelin clearance and its modulation of immunopathogenicity in MS.
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 Table 1. Clinical data of multiple sclerosis patients, non-neurological controls, Alzheimer’s disease, stroke, 
meningitis and leukodystrophy patients included in this study

  Case  Age          
(years)

Type of 
MS/Braak 

stage/acute 
or chronic 

meningitis/
VWM or
X-ALD

Sex

Post-
mortem 

delay 
(h:min)

Disease 
duration 

(years)
Cause of death

1 77 PP M 4:15 26 Stroke
2 48 PP F 4:50 25 Euthanasia
3 84 PP F 8:45 49 Euthanasia
4 73 PP M 6:45 16 Septic shock

5 68 PP F 8:30 43 Cerebellar 
hematoma

6 44 PP F 10:15 8 Decompensatio 
cordis

7 63 PP M 7:05 24 Cardiac arrest
8 65 PR M 10:35 21 Urosepsis

9 47 PR F 4:25 16
Dyspnoea by 
pulmonary 
metastases

10 81 ND M 8:50 59 General 
deterioration

11 71 ND F 10:15 23
Post-surgery 
respiration 
problems

12 55 ND F 17:00 19 Possible stroke

13 74 ND F 6:00 15
Acute death, 

suspected cardiac 
arrest

14 77 ND F 5:43 Unknown
Respiratory 

insufficiency 
with aspiration 

pneumonia
15 66 ND M 7:45 Unknown Sepsis
16 70 ND F 6:55 40 Urosepsis
17 69 SP M 10:00 34 Cardiac arrest
18 66 SP F 6:20 43 Liver metastasis
19 53 SP F 10:45 27 Euthanasia
20 43 SP M 8:30 11 Pneumonia
21 75 SP F 8:00 42 Pneumonia

22 48 SP F 5:50 21 Congestive heart 
failure

23 59 SP M 22:15 32 Myocard infarct

24 49 SP F 7:50 27 Metastasis of a 
cervix carcinoma

25 41 SP F 8:25 11
General 

deterioriation due 
to MS

26 77 SP F 11:00 48 Pneumonia
27 56 SP M 8:00 27 Pneumonia

28 69 SP F 7:30 53 Respiratory and 
heart failure

29 47 SP M 7:15 7 Urosepsis
Con 88 - M 7:25 - Euthanasia
Con 68 - F 18:00 - Euthanasia

sclerosis brain. J Exp Med 2007;204(12):2899-912.
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Continue Table

PP = primary progressive MS; PR = progressive relapsing MS; ND = MS subtype not determined; SP = secondary 
progressive MS; AD = Alzheimer’s disease; X-ALD = X-linked adrenoleukodystrophy; VWM = vanishing white 
matter disease; M = male; F = female

Con 90 - F 4:45 - Heart failure after 
stroke

Con 89 - F 48:00 - Cardiac arrhythmia

Con 63 - F 24:00 -
Pneumonia 

and pulmonary 
embolism

Con 99 - F 48:00 - Pneumonia
Con 81 - M 6:00 - Renal insufficiency
Con 58 - F 24:00 - Myocardial infarct
Con 45 - F 24:00 - Cardiac arrhythmia

AD 70 Braak 6 M 4:50 9 Respiratory 
insufficiency

AD 77 Braak 5 F 3:05 19 Dehydration/ca-
chexia

AD 93 Braak 4 F 6:45 Unknown Stroke
AD 72 Braak 6 M 5:25 16 Dehydration

AD 99 Braak 3 F 5:10 2 Dehydration/ca-
chexia

AD 73 Braak 6 M 6:15 12 Acute death
 Stroke 87 - F 20:00 - Stroke

Stroke 72 - F 18:00 - Bronchopneu-
monia

Stroke 67 - F 15:00 - Aortic dissection

Stroke 60 - F 15:00 - Disseminated 
fungal infection

Stroke 61 - M 12:00 - Stroke

Meningitis 66 Acute M 9:30 - Bacterial 
meningitis

Meningitis 63 Chronic active F 24:00 - Cerebral 
inflammation

Meningitis 65 Chronic M 36:00 - Listeria meningitis

Meningitis 80 Acute F 7:00 - Decompensatio 
cordis

Meningitis 78 Acute (treated) F Unknown - Pneumonia

Leukodystrophy 16 X-ALD M 10:00 - Disease 
progression

Leukodystrophy 10 X-ALD M 6:00 - Disease 
progression

Leukodystrophy 52 X-ALD M 12:00 - Disease 
progression

 Leukodystrophy 8 X-ALD M 12:00 - Disease 
progression

Leukodystrophy 12 X-ALD M 6:00 - Disease 
progression

Leukodystrophy 36 VWM F 26:00 - Aspiration/pneu-
monia

Leukodystrophy 3 VWM F 4:00 - Post-infectious 
coma


