
 

Cronfa -  Swansea University Open Access Repository

   

_____________________________________________________________

   
This is an author produced version of a paper published in:

Neuropathology and Applied Neurobiology

                                                  

   
Cronfa URL for this paper:

http://cronfa.swan.ac.uk/Record/cronfa20148

_____________________________________________________________

 
Paper:

Howell, O., Schulz-Trieglaff, E., Carassiti, D., Gentleman, S., Nicholas, R., Roncaroli, F. & Reynolds, R. (2015).

Extensive grey matter pathology in the cerebellum in multiple sclerosis is linked to inflammation in the subarachnoid

space. Neuropathology and Applied Neurobiology, 41(6), 798-813.

http://dx.doi.org/10.1111/nan.12199

 

 

 

 

 

 

 

_____________________________________________________________
  
This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms

of the repository licence. Copies of full text items may be used or reproduced in any format or medium, without prior

permission for personal research or study, educational or non-commercial purposes only. The copyright for any work

remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium

without the formal permission of the copyright holder.

 

Permission for multiple reproductions should be obtained from the original author.

 

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the

repository.

 

http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 

http://cronfa.swan.ac.uk/Record/cronfa20148
http://dx.doi.org/10.1111/nan.12199
http://www.swansea.ac.uk/iss/researchsupport/cronfa-support/ 


 

1 
This article is protected by copyright. All rights reserved. 

 

Extensive grey matter pathology in the cerebellum in multiple sclerosis is linked to inflammation in 

the subarachnoid space1 

 

 

Owain W. Howell1, 2*, Elena Katharina Schulz-Trieglaff1, 3*, Daniele Carassiti1, 4, Steven M. Gentleman1, 

Richard Nicholas1, Federico Roncaroli1, Richard Reynolds1 

 

* joint first authors 

 

 

1Wolfson Neuroscience Laboratories, Centre for Neuroinflammation and Neurodegeneration, 

Division of Brain Sciences, Imperial College London, UK 

2Neurology and Molecular Neuroscience, Institute of Life Science 1, College of Medicine, Swansea 

University, Swansea, SA2 8PP, UK. 

3Department of Molecules-Signalling-Development, Max Planck Institute of Neurobiology Am 

Klopferspitz 18, 82152 Martinsried, Germany. 

4Queen Mary University London, Neurosciences and Neurotrauma, Blizard Institute, London, E1 2AT, 

UK.  

 

Corresponding author: Professor Richard Reynolds, Division of Brain Sciences, Imperial College 

Faculty of Medicine, Hammersmith Hospital Campus, Du Cane Road, London W12 00N 

 

r.reynolds@imperial.ac.uk 

Tel: 020 7594 6668 

Fax: 020 7594 9735 

 

                                                           
This article has been accepted for publication and undergone full peer review but has not been through 

the copyediting, typesetting, pagination and proofreading process, which may lead to differences 

between this version and the Version of Record. Please cite this article as doi: 10.1111/nan.12199 

A
cc

ep
te

d 
A

rti
cl

e



2 
This article is protected by copyright. All rights reserved. 
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Running title: Cerebellum pathology and meningeal inflammation.  

Abstract 

Aims: Multiple Sclerosis (MS) is a progressive inflammatory neurological disease affecting myelin, 

neurons and glia. Demyelination and neurodegeneration of cortical grey matter contributes to a 

more severe disease and inflammation of the forebrain meninges associates with pathology of the 

underlying neocortical grey matter, particularly in deep sulci. We assessed the extent of meningeal 

inflammation of the cerebellum, another structure with a deeply folded anatomy, to better 

understand the association between subarachnoid inflammation and grey matter pathology in 

progressive MS. Methods:  We examined demyelinating and neuronal pathology in the context of 

meningeal inflammation in cerebellar tissue blocks from a cohort of 27 progressive MS cases 

previously characterized on the basis of the absence/ presence of lymphoid-like aggregates in the 

forebrain meninges, in comparison to  11 non-neurological controls. Results: Demyelination and 

meningeal inflammation of the cerebellum was greatest in those cases previously characterised as 

harbouring lymphoid-like structures in the forebrain regions.  Meningeal inflammation was mild to 

moderate in cerebellar tissue blocks and no lymphoid-like structures were seen. Quantification of 

meningeal macrophages, CD4+, CD8+ T lymphocytes, B cells and plasma cells revealed that the 

density of meningeal macrophages associated with microglial activation in the grey matter, and the 

extent of grey matter demyelination correlated with the density of macrophages and plasma cells in 

the overlying meninges, and activated microglia of the parenchyma. Conclusions: These data suggest 

that chronic inflammation is widespread throughout the subarachnoid space and contributes to a 

more severe subpial demyelinating pathology in the cerebellum. 
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F-, absence of lymphoid-like aggregates; F+, presence of  lymphoid-like aggregates ; GM, grey matter; 

GML, grey matter lesion; NAGM, normal appearing grey matter; ROI, region of interest; SPMS, 

secondary progressive multiple sclerosis; WM, white matter.  

Introduction 

Subpial grey matter (GM) pathology is a hallmark of the progressive stages of MS and associates with 

inflammatory infiltration of the overlying meninges (1). Recent studies of cortical biopsies have 

shown that GM demyelination and accompanying meningeal inflammation may also be a major 

feature of from the earliest stages of MS (2). Lesions of the GM are found in the spinal cord, 

cerebellum, midbrain and neocortex and are thought to account for many of the complex symptoms 

of the disease, including deficits in cognition, disturbances of mood, and an increased risk of seizures, 

fatigue and motor disability (3,4).  

 

The cerebellum is often severely affected in MS patients and cerebellar demyelination and atrophy 

can occur early in the course of the disease (5–7). Cerebellar ataxia and  tremor are predictive of a 

more severe clinical course (8) and MS patients with severe cerebellar pathology have distinct 

cognitive deficits (9,10). MRI studies that analysed cerebellar volume in MS patients showed that the 

GM is more extensively affected than the white matter (WM). Although SPMS cases exhibit the 

greatest pathology (6), significant atrophy is also seen in patients with relapsing remitting disease 

and patients with clinically isolated syndrome (11). Changing cerebellar cortical volume, cerebral 

volume and age are the best predictors of conversion from a relapsing remitting to a secondary 

progressive clinical course (12). These findings indicate an important role for cerebellar pathology in 

all stages of the disease. Post-mortem studies have confirmed the extensive cerebellar demyelination 

in progressive MS and in particular, the predilection for the GM (13,14), but the relationship between 

the demyelination and degree of inflammation has not been investigated.  
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Increased meningeal inflammation, consisting of CD4+ and CD8+ T-cells, B-cells, macrophages and 

plasma cells, is characteristic of progressive MS and has been associated with underlying cortical 

pathology (15–17), especially subpial lesions, which are often located in deep sulci and can also span 

several gyri (18,19). The presence of a high number of lymphocytes in the cerebral meninges of MS 

patients (20–22), together with the almost complete lack of infiltrating lymphocytes in chronic 

lesions of the GM (19), has led to the hypothesis that the meningeal compartment might be a source 

of a pathogenic factor or factors affecting the underlying brain tissue (17,23) and may sustain chronic 

inflammatory pathology in long-standing disease.  

 

Due to the relationship between both diffuse inflammation and organised lymphoid-like infiltrates in 

the meninges  and the underlying subpial cortical pathology associated with deep sulci (15,17,24,25), 

we have investigated this relationship in the cerebellum, given its deeply folded anatomy. Here we 

ask whether MS cases characterized by increased forebrain meningeal and perivascular inflammation 

have a corresponding elevated cerebellar meningeal inflammation and does this meningeal 

inflammation associate with a greater pathology of the underlying cerebellar cortical tissue. Through 

this quantitative study of inflammation, demyelination and neurodegeneration, we strengthen the 

hypothesis that in the progressive phase of MS, diffuse inflammation of the subarachnoid 

compartments of the brain and cerebellum influences the underlying WM and GM pathology and 

that this contributes to a more severe disease.  

 

Materials and Methods 

Tissue selection 

All tissue was provided by the UK MS Society Tissue Bank at Imperial College, London. Tissue was 

obtained via a prospective donor scheme with full ethical approval by the National Research Ethics 

Committee (08/MRE09/31). Clinical data was reviewed and collated by a senior neurologist with a 

specialist interest in MS (RN) and details of age of onset, age of progression, age of wheelchair use 
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and age of death reported. Case selection was based on a previous cohort of cases that were 

extensively characterised and divided into those exhibiting lymphoid-like cellular aggregates in the 

cerebral meninges (F+SPMS) and those without (F-SPMS) (24). Of the 27 selected cases, 14 had 

whole fixed cerebellum available. Post-mortem delay did not differ significantly between SPMS and 

control cases (SPMS, 25.7± 4hrs; Control, 21.5±4.1hrs; p=0.3; table 1). Individual patient data is 

summarised in supplementary table 1. 

 

Tissue preparation and block selection 

Post-mortem tissue was fixed in 4% paraformaldehyde in phosphate buffered saline (PBS), 

dehydrated and embedded in paraffin wax under vacuum. Sagittal sections from tissue blocks 

(2x2x1cm) of cerebellum, taken 1cm lateral to the midline and including the dentate nucleus, were 

used for quantitative measurements of inflammatory and neuronal pathology. One block per case 

and a maximum of four areas of interest per section (two in GM lesions [GML], two in the normal 

grey matter [NAGM]), were analysed by immunohistochemistry. Axial hemispheric or bi-hemispheric 

cerebellar sections (prepared at the level of the horizontal fissure) from fourteen cases 

(supplementary table 1) were used for assessment of the gross extent of WM and GM demyelination 

(to supplement the small cerebellar block analysis), but were not suitable for quantitative measures 

of inflammation due to the difficulty in preservation of the meningeal tissue regions of interest in all 

samples for all immune cell markers assessed. 

 

Semi-quantitative analysis of inflammation 

Sections from small blocks of cerebellar cortex and dentate nucleus were stained with haematoxylin 

and eosin (H + E) and a semi-quantitative assessment of inflammation in the meninges was 

performed (24). Only cases with cut sections containing well preserved leptomeninges were used in 

this study. The cases were divided into four groups, 0+, +, ++, and +++, based on the degree of A
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meningeal inflammation. Group 0+ exhibited no, or very mild, aggregates of inflammatory cells (less 

than 10 cells in the largest aggregate); + cases showed moderate (10-30 cells) inflammation; ++ cases 

revealed at least a single infiltrate of >30 cells, which were loosely clustered.  Cases presenting with 

at least one dense and compact aggregate of >100 cells were rated +++, (see Fig. 1A-D).  

 

Immunohistochemistry 

Six µm thick serial sections were cut from wax-embedded small blocks or from hemispheric 

horizontal macroblocks and immunohistochemical staining was performed as described previously 

(24). Primary antibodies used are summarised in table 2. All immunolabelled sections were 

counterstained with haematoxylin before dehydration, clearing in xylene and coverslipping in DePeX 

(VWR International).  

 

Quantitative analysis of demyelination 

For quantification of demyelination, sections of cerebellum and whole cerebellar bihemispheric and 

hemispheric sections were stained for myelin oligodendrocyte glycoprotein (MOG)/haematoxylin and 

analysed microscopically (200-400x magnification). Following immunochemistry, sections were 

scanned at 1200 dpi using a conventional flat-bed scanner and WM and GM demyelinating lesions 

demarcated as colour masks using Photoshop CS5 (Adobe Systems Incorporated, California, USA), 

with the stained slides as reference. Deep WM and GM, such as the dentate nucleus and the 

brainstem, were not included in the analysis, since blocks contained differing proportions of these 

structures. The area of colour depicting demyelinated or normal-appearing WM or GM was 

measured in pixels (ImageJ, NIH image), and the mean percent WM, GM and total cerebellar 

(excluding deep WM) demyelination compared between cases and between groups. 

 

Regions of interest for analysis of inflammation and neurodegeneration 
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GML percentages in small blocks of cerebellum correlated significantly with the same measures in 

whole and hemispheric blocks, from the fourteen cases in which these comparisons could be made 

(Spearman r=0.68, p= 0.0077).This  indicated that measures of demyelination in cases where only 

small blocks of cerebellum where available served as a reliable measure of global cerebellum 

pathology. Two regions of interest (ROI) per GML, NAGM and per accompanying overlying meninges 

were chosen from the MOG stained small blocks for each case. ROI were defined based on pathology 

and location, with all GML and NAGM lying at the margins and not the base of the cerebellar sulci, 

and all containing intact meninges (Fig. 2A). Only GML ROI bounded by normal appearing white 

matter were analysed to ensure consistency in lesion selection between cases.  

 

Quantitative analysis of inflammation and neurodegeneration 

For all assessments, a maximum of four 200x images (area of one image: 0.187 mm²) per ROI were 

captured, with a maximum of eight ROI per case, dependent on available GML (i.e. two NAGM ROI, 

two of accompanying meninges plus 2 GML ROI and 2 of overlying meninges). CD68+, CD20+, CD4+, 

CD8+ and immunoglobulin A, G and M+ (Ig+) inflammatory cells in all intact meninges, excluding 

those cells within the confines of vessels, were counted and data expressed as cells per unit length 

(mm or cm) of intact meninges. Parenchymal inflammation and neurodegeneration were assessed in 

the molecular and granule cell layers. To ensure a comparable depth of parenchyma was sampled in 

each case, the Purkinje cell layer (PCL) was laid horizontally and mid-way across the image before 

digital capture. Macrophage/microglial density in the GM parenchyma, excluding those of the 

perivascular or vascular space, was evaluated by quantifying CD68+ cells (expressed as cells per mm2 

of GM). Purkinje cell (PC) number and morphology was evaluated by immunostaining for non-

phosphorylated neurofilaments. For this, a minimum of 10 images per ROI, and a maximum of two 

ROI´s per block (one in GML and one in NAGM) per case were captured. PC densities were expressed 

as cells per mm of PCL. In order to assess PC morphology, the circumference and area of the cell 

soma were measured and the f-value of circularity determined (26). A minimum of 10 cells per 
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normal or lesioned ROI that exhibited a clear nucleolus were analysed. The intensity of anti-

synaptophysin immunoreactivity in the granule cell layer (GCL) and the molecular layer (ML) were 

quantified as areas of positive immunostaining above a manually adjusted threshold (ImageJ). 

Synaptophysin immunoreactivity measures were corrected for background signal by subtracting the 

mean intensity anti-synaptophysin signal in the WM of each quantified section. The area of calbindin 

positive neurites of the molecular layer (ostensibly a measure of Purkinje cell dendrite density) was 

calculated as a fraction of the area of the total molecular layer sampled.  

 

Image analysis and quantification 

Images were viewed and captured using a Leica DM 2500 microscope (Leica Microsystems, Bucks, 

UK) connected to a MicroPublisher 3.3 RTV digital camera (QImaging, Staffordshire, UK). 

Quantification of inflammatory cells and neurodegeneration was accomplished with ImageJ manual 

tag and area/ length measures tools. Images were prepared for publication with Photoshop CS5. All 

quantifications were performed with the researcher blinded to case number and disease/control 

status.  

 

Statistical analysis 

Data was collated in Excel (Microsoft Office 2007) and analysed using GraphPad PRISM 6 (GraphPad 

Inc., California, and USA). Results were expressed as the mean +/- standard error of the mean (SEM) 

or as median +/- interquartile range (IQR) and analysed using the appropriate parametric (ANOVA 

and Bonferroni’s multiple comparison post-test) or non parametric tests (Kruskal-Wallis and Dunn’s 

multiple comparison post-test or the Mann-Whitney U-test), as stated in the legends. Associations 

between independent variables per case were compared by non-parametric Spearman’s Rank 

correlation analysis.  A
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Results 

Multiple sclerosis cases with lymphoid-like structures in the cerebral meninges exhibited greater  

demyelination in both the cerebellar white and grey matter 

We first quantified the extent of demyelination in the GM and WM of the cerebellum in a previously 

characterised cohort of SPMS cases characterised by the presence of lymphoid follicle-like (F+, n=12) 

or the absence of lymphoid follicle-like (F- n=15) structures in the forebrain (24). Myelinated fibres in 

the normal cerebellar GM are found predominantly in the granule cell layer with only small numbers 

in the molecular layer just above the Purkinje cells (Fig. 1A, B). Demyelination of the GM was 

widespread (Fig. 1A, arrowheads), with one or more cerebellar folia affected (Fig. 1C, D), most 

notably surrounding deep folds (Fig. 1A). Cerebellar demyelination was assessed by overlaying digital 

images with a colour mask to highlight microscopically confirmed WM and GM lesions (Fig. 1E-H). 

WM pathology was rarely seen in the absence of topographically associated GM lesions, whereas the 

converse was often the case (Fig. 1D), suggesting that the extension of GM subpial pathology into the 

WM is a common feature of cerebellar lesions. GM demyelination was far more extensive than WM 

pathology in the SPMS cases displaying demyelinating pathology (percent area white matter lesion of 

total WM: 3.04% (IQR 0.91- 14.9%); percent area grey matter lesion of total GM: 14.23% (3.17- 

37.42%); p=0.016). In extreme cases (Fig. 1H; MS217)), almost the entire GM was demyelinated, 

whilst the WM was largely spared. Demyelination of the GM (32.04% (13.5- 83.25%) and 10.3% (2.4- 

16.39%); p=0.03), the WM (10.31% (2.29- 22.58%) and 2.35% (0.85- 4.8%);  p=0.048) and total GM 

and WM (27.2% (8.84- 61.91%) and 9.3% (3.0- 21.52%); p=0.04) was significantly greater in F+SPMS 

than in the F-SPMS cohort, respectively (Fig. 1I). Out of the fourteen cases with available whole 

cerebellar macroblocks (supplementary Table 1), twelve (n=5 F-SPMS, n= 7 F+ SPMS) had matching 

whole forebrain coronal sections previously used to measure cortical demyelination (24). We found 

there to be a significant association between the extent of subpial GM demyelination in the forebrain A
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and cerebellum (Fig. 1J), suggesting that common mechanisms may influence the extent of subpial 

demyelination in these areas.  

 

Meningeal inflammation is elevated in cases harbouring lymphoid-like aggregates in the forebrain 

meninges 

The finding that cases previously characterised as F+SPMS displayed greater demyelinating pathology 

of the cerebellum, and particularly more extensive subpial demyelinating pathology, led us to 

investigate the nature and extent of inflammatory cell infiltration of the cerebellar meninges. We 

found cellular infiltration of the cerebellar meninges to be moderate and increased compared to 

control (median rating: control 0+, SPMS +; p< 0.0001) (Fig. 2A-D).  The majority of cases rated 

without lymphoid-like structures in the forebrain (F-SPMS) were rated 0+ or + (F-: 0+ 3/15; + 11/15; 

++ 1/15), whereas cases with lymphoid-like structures in the forebrain (F+SPMS) were mostly 

assigned to the + and ++ groups (F+: + 7/12; ++ 4/12; +++ 1/12, p=0.011).  Only one F+SPMS case 

(MS257) displayed extensive (+++) immune cell aggregates in the cerebellar meninges (Fig. 2E-G).  

Further immunostaining of one of these (+++) aggregates for CD20, CD3 and immunoglobulins 

revealed a B-cell rich aggregate core surrounded by T-cells and numerous plasma cells in a small 

lymphoid-like structure. We were unable to further characterise the cellular composition of this 

structure to confirm or reject its status as a bona-fide lymphoid-like aggregate (e.g. the presence of 

CD35+ follicular dendritic cells and Ki67+/CD20+ B-cells (17,22)) due to the loss of the area of interest 

from subsequent sections. An example of a (++) rated inflammatory infiltrate from an F- case is 

shown (MS395; Fig. 2H-I). The semi-quantitative analysis revealed that the degree of cerebellar 

meningeal inflammation is related to the degree of forebrain inflammation (r= 0.59, p=0.0012 

comparing semi-quantitative ratings of maximum meningeal immune cell infiltrates in blocks of 

cerebellum and neocortex per case, n=27 cases). In contrast to that seen in forebrain meninges (24), 

inflammation of the cerebellar meninges was mild to moderate and lymphoid-like structures were 

not detected. 
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Characterisation, quantification and clinical associations of meningeal inflammation in SPMS 

cerebellum 

B cells and plasma cells: CD20+ B-cells and immunoglobulin A+, G+, M+ plasma cells (Ig+) were 

distributed throughout the cerebellar meninges (Fig. 2, 3). The number of CD20+ B cells per cm of 

intact meninges (Fig. 3A, B) was not significantly increased in SPMS versus region matched controls 

(p=0.152, Mann-Whitney U-test), although separate analysis of the F+SPMS cohort (Fig. 3B) 

demonstrated a 3-fold increase in B-cell numbers compared to controls (p=0.0091), and a 1.7-fold 

increase (p=0.015) compared to F- cases. The number of meningeal Ig+ plasma cells was significantly 

elevated in SPMS (control 6.5 (3.58- 13.56) cells/cm and SPMS 12.32 (7.88- 19.3) cells/cm; p=0.011, 

Mann-Whitney U-test), with F+SPMS (p=0.029) and F- SPMS (p=0.015) median values differing 

significantly to controls (Fig. 3C). No CD20+ B-cells or Ig+ plasma cells were seen in the cerebellar 

parenchyma of SPMS or control cases.  

CD68+ monocytes/macrophages: CD68+ monocytes/macrophages were abundant in the cerebellar 

meninges (Fig. 2E), and constituted the largest proportion of inflammatory cells in this compartment 

(control= 13.68 (13.31- 14.55) cells/mm, SPMS= 22.68 (17.49- 28.71) cells/mm, p<0.0001, Mann-

Whitney U-test). Sub-group analysis demonstrated CD68+ cells to be enriched in both F+SPMS and F-

SPMS cases compared to controls (Fig. 3D).  

CD4+ and CD8+ T lymphocytes: Scattered T-cells were observed throughout the subarachnoid space 

overlying the cerebellar folia. The number of meningeal CD4+ cells (Fig. 3E), but not the number of 

CD8+ T-cells (Fig. 3F), was significantly increased in SPMS cases in comparison to controls (Control 

CD4+ T-cells/mm= 1.83 (1.20- 2.61), SPMS CD4+ cells/mm= 3.02 (1.93- 4.78), p=0.0223, Mann-

Whitney U-test).  The density of CD4+ T-cells was elevated in F+ SPMS in comparison to both control 

and F- SPMS (Fig. 3E).  
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Lymphoid-like positive SPMS cases exhibited greater microglial activation in the cerebellar grey 

matter  

Our quantification of inflammatory cells revealed a modest, but significant, rise in the number of 

inflammatory cells in the cerebellar meninges. In order to better understand the role of parenchymal 

inflammation in cerebellar pathology, we quantified the density of CD68+ cells with a microglial/ 

macrophage phenotype in the cerebellar GM.  In general, CD68+ microglia/macrophages were 

abundant in both the WM and the GM, and were present in elevated numbers in both the granule 

cell and molecular layers of SPMS in comparison to controls (Fig. 4). Of note was the topographical 

association seen between increased CD68+ inflammation of the subarachnoid space and elevated 

density of CD68+ microglia/macrophages of the molecular and Purkinje cell layers in SPMS (Fig. 4B, 

D). A statistically significant (p=0.031) increased density of CD68+ cells was observed in the SPMS 

cases (114.7 (79.02- 138.0) cells/ mm2) in comparison to controls (90.85 (82.83- 110.4) cells/ mm2, 

Mann-Whitney U-test), which was attributable to the significantly increased density of parenchymal 

CD68+ cells in the F+ cases (Fig. 4C). No difference was seen between the density of CD68+ 

parenchymal inflammation in the GML and NAGM (data not shown), reflecting the chronic nature of 

the GM lesions in these cases.  

 

Inflammation of the cerebellar meninges associates with more extensive parenchymal pathology 

We performed correlation analysis to investigate the association between inflammation and 

underlying demyelination in the cerebellum (Table 3). The number of CD68+ meningeal macrophages 

(cells/mm) correlated with the density of total T-cells (CD4 and CD8; Spearman r= 0.6, p= 0.00021), 

with CD4+ T-cells (p= 0.031), and with CD20+ B-cells (p= 0.0322). Spearman analysis revealed that the 

density of CD68+ macrophages of the cerebellar meninges correlated modestly with the density of 

activated microglia (p= 0.007). Parenchymal microglial/macrophage activation correlated with the 

degree of grey matter demyelination (p= 0.0451) and the density of Ig+ plasma cells associated with 

the extent of GML (p= 0.031).  
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Clinical features are associated with greater demyelination in both the cerebellar white and grey 

matter 

We determined whether any clinical features (supplementary table 1) were associated with an 

increased extent of demyelination in the cerebellum . We found that active disease at the time of 

death was modestly associated with increased total lesion area (r= 0.31, p<0.008), white matter 

lesion area (r= 0.24, p<0.02) and grey matter lesion area (r= 0.31, p<0.008, Spearman’s Rank 

correlation analysis in all instances).  

 

Meningeal inflammation was not associated with significant Purkinje cell degeneration 

Immunohistochemical staining for non-phosphorylated neurofilaments was used to identify PCs of 

the normal appearing and demyelinated GM (Fig. 5). Quantification revealed no significant difference 

in the  PC density between controls and the SPMS, or between controls and F- and F+ cohorts 

(controls 6.0±1.4 cells/mm, F-SPMS 5.6±1.9 cells/mm, F+SPMS 4.9±1.5 cells/mm), although a trend to 

a reduced density of PCs in cases with greatest forebrain inflammation could be seen (p= 0.068; Fig 

5B). Measures of PC circularity, which is often taken as an indication of neuronal stress, did not 

reveal any differences between the three cohorts (controls 0.851±0.03; F-SPMS 0.852±0.02, F+SPMS 

0.852±0.04). The density of non-phosphorylated neurofilaments/calbindin-positive neurites was also 

unchanged (data not shown), but evidence of PC axon pathology was noted (Fig. 5C). No difference in 

total granule cell/molecular layer synaptophysin staining density was seen (F+SPMS 22.1±9.0, F-SPMS 

24.1±8.8, controls 18.5±8.6; Kruskal Wallis and Dunn’s post test; Fig. 5D) or between granule cell or 

molecular cell layers when analysed separately (p>0.2 in all instances, Kruskal Wallis and Dunn’s post 

test), which is in agreement with previous work (14). No associations between the density of 

synaptophysin staining and variables known to effect immunoreactivity, such as the time from death A
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to tissue processing (P> 0.5) or the time in fixative (P> 0.5, Spearman’s Rank analysis), were 

observed.  

 

Discussion  

In this study we have demonstrated that cases of SPMS exhibiting an increased meningeal 

inflammation are characterized by greater GM and WM demyelination in the cerebellum. The diffuse 

nature of the inflammation supports the hypothesis of the subarachnoid space of the meninges as a 

source of cells and soluble factors capable of mediating widespread cerebral and cerebellar 

demyelinating pathology.  

 

In agreement with previous studies (13,14), we documented extensive cerebellar demyelination and 

have shown that the proportion of demyelinated GM far exceeded that of the subcortical WM. GM 

lesions often encompassed multiple folia, extended into the granule cell layer and were most 

extensive in cases characterized by meningeal inflammation and an active disease course at death. 

This result is similar to findings in the neocortex where subpial lesions predominate (17,19,21,24). 

The lack of topographical association between GM and WM plaques and the finding that GML 

volume and WML volume in individuals are independent of each other (13), may argue for a different 

pathogenesis of GM and WM lesions during progressive MS. We believe these differences in WM and 

GM pathology may in part be due to the close proximity of the GM to the inflammatory milieu in the 

overlying meninges. In fact, meningeal inflammation associates more widely with underlying GM 

damage of the forebrain and cerebellar cortices, where the extent of pathology may be fundamental 

to disease progression (12).  

 

We report a significant increase in CD20+ B-cells, CD4+ T-cells and CD68+ macrophages in the 

meninges of the cerebellum in SPMS cases that have significant forebrain infiltrates and lymphoid -A
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like structures. Increased connective tissue inflammation, in combination with the associated 

increased density of activated microglia in the underlying cerebellar cortex, might contribute to the 

increased GM pathology of F+ cases, in comparison with those cases displaying less meningeal 

inflammation. When compared with the extent of inflammation of the cerebral cortex, the degree of 

cerebellar subarachnoid inflammation was mild to moderate, being some 2-3-fold greater than that 

in region matched control samples. Analysis of forebrain samples in cases of SPMS and primary 

progressive MS revealed subarachnoid inflammation to be substantially greater than controls (15,24) 

and suggested that the extensive demyelination observed in the cerebellar GM in SPMS is likely to be 

caused by a toxic CSF milieu, which is partly independent of detectable inflammatory infiltrates in the 

tight confines of the cerebellar subarachnoid space. We did not detect lymphoid-like aggregates in 

the cerebellar meninges and speculate their absence reflects the modest meningeal cell 

inflammation in the space-limited confines of the cerebellar sulci. This environment may not be 

conducive to the formation of organised lymphoid-like structures, which are most frequently seen in 

the large sulci of the cingulate, insular and temporal regions of the forebrain (24). We suggest that 

the presence of cytotoxins reflects the chronic and compartmentalised neuroinflammatory response 

of long standing disease, which is linked to subpial myelin pathology (27). It should be appreciated, 

given the varied extent of meningeal and parenchymal pathology in our study cohort that other 

pathogenetic mechanisms, such as neuronal and axonal pathology secondary to distant lesions, are 

also contributing to cerebellar damage. 

 

The number of CD68+ macrophages in the cerebellar meninges greatly exceeded other inflammatory 

cells and correlated with parenchymal microglial activation. These findings are in keeping with 

previous studies showing an association between meningeal cellular infiltrates and parenchymal 

microglial/macrophage activation in the forebrain (15,24,28), which hitherto had not been previously 

demonstrated in the cerebellum (14).  This and other studies support a key role for activated 

microglia (CD68+) as effectors of myelin damage, although these cannot be the sole drivers of 
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pathology given that activated microglia are a feature of non-demyelinating chronic diseases of the 

CNS (28).  Plasma cells have been shown to be enriched in MS cases compared to other inflammatory 

neurological disorders (29), and CNS expanded pools of plasmablasts secrete intrathecal 

immunoglobulins (30). We show a significantly increased number of plasma cells in all SPMS cases 

and a correlation between the numbers of meningeal plasma cells with the area of demyelinated 

grey matter, suggesting that their role as antibody producing cells is likely to contribute to the 

extensive demyelination of the cerebellum, in concert with the resident activated microglia. A role 

for pathogenic antibodies in the genesis of cortical lesions has not been demonstrated 

histopathologically, although immunoglobulin gene expression is deregulated in cortical MS lesions 

(31) and intrathecal immunoglobulin levels associate with cortical lesion load in clinically isolated 

syndrome (32). Our study found that the number of B-cells and CD4+ T-cells were increased in 

F+SPMS only, albeit at very low numbers relative to the number of macrophages, and suggests key 

effector functions for these cells in augmenting myelin pathology in the F+ SPMS group. An 

increasingly appreciated antibody-independent function of B-cells as a dynamic antigen presenters, a 

source of inflammatory cytokines and prerequisite for self-reactive T-lymphocyte responses is being 

revealed (33,34). Patient derived B-cell cytokines/chemokines have been shown to mediate 

oligodendrocyte and glial pathology in vitro (35). Intrathecally derived B-cell populations can also be 

seen in clinically isolated syndrome and relapsing remitting MS and associate with more severe 

disease progression (36), whilst clinical and experimental data derived from use of the B-cell 

depleting humanised monoclonal antibody to CD20 has been key to the reappraisal of the role of 

CD20+ B-lymphocytes in CNS autoimmunity (37,38).   

 

Cerebellar dysfunction is a significant prognostic factor for a poor disease outcome in patients with 

MS (39) and it is closely correlated with  signs of disability, such as ataxia, tremor and nystagmus (8). 

Our finding that GML are more frequent, and account for a greater area of the affected cerebellum 

than do white matter lesions, suggests that GML are contributory to sjgns and symptoms of 
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cerebellar dysfunction in secondary progressive MS (13,14). Neuroaxonal changes may contribute to 

clinical features, but we were unable to detect any significant changes in cell number or morphology, 

or the density of neurites or synapses. Quantification of individually stained synaptophysin+ boutons 

by stereology may be necessary to detect these more subtle changes (40). Purkinje cells seem to 

persist in remarkably high numbers in the cerebellum of long-standing MS (14), which may in part be 

protected by processes of nuclear fusion (41) or be a reflection of the lower grade of connective 

tissue inflammation found in the tight confines of the cerebellar subarachnoid tissue, which contrasts 

with the significant forebrain inflammation and associated loss of the pyramidal cells of the motor 

cortex (25). Other changes in Purkinje cells, including the altered expression of ion channels, may 

cause dysfunction of cerebellar neural networks and contribute to the cerebellar symptoms of 

disease without significant neurodegeneration (42).  

 

Conclusions 

Subpial demyelinating lesions are a pathological feature exclusive to MS (43) and meningeal 

inflammation associates with subpial lesions in acute MS and in progressive disease (2,17), with a 

gradient of cortical tissue damage (25) and inflammatory infiltrates of the meninges that correlate 

with the severity of the clinical course (24). Our description of the presence of both meningeal 

inflammation and extensive GM subpial demyelinating pathology in the cerebellum suggests that 

regions with a deeply folded anatomy serve as a reservoir of inflammatory cells and cytokines in 

areas of restricted CSF flow. This work serves to highlight the important consideration that should be 

given to targeting this persistent central inflammation in order to inhibit the progressive course of 

MS.  
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Figure 1. Demyelination is increased in lymphoid-like positive SPMS. MOG immunohistochemistry 

revealed areas of cerebellar demyelination. Lesions (A, arrowheads) often surrounded infoldings of 

the cerebellar folia (asterisk). Myelin, normally present in the granule cell layer (GCL), and the 

Purkinje cell layer of the cerebellar grey matter in control (B), was absent in demyelinated lesions of 

SPMS cases (C). Demyelination predominantly affected the grey matter and in some instances subpial 

lesions could be seen to extend into the white matter (D, arrowheads). Colour masks (E) were 

applied to highlight areas of white and grey matter lesions for quantification (F-H). Grey matter 

demyelination varied markedly between cases (F-H; corresponding to MS204, MS224 and MS217, 

respectively). Total demyelination (as a percentage of the total area assessed), the proportion of 

cerebellar cortical white matter and the proportion of grey matter demyelination were greater in 

cases previously characterised by the presence of forebrain lymphoid-like structures (F+) in 

comparison to F-SPMS (I). Note that four F- SPMS and two F+ SPMS cases did not present with 

demyelinated plaques in the samples analysed and are not included in this analysis. Kruskal-Wallis 

and Dunn’s multiple comparisons post-test, group medians and interquartile range shown. Cases 

with the most extensive cerebellar grey matter demyelination also had the greatest proportion of 

demyelinated forebrain cortical grey matter, indicating a widespread association between meningeal 

inflammation and subpial grey matter pathology in progressive MS (J). F+ SPMS cases are identified 

as red data points. Spearman (non-parametric) comparison. GCL, granule cell layer; GML, grey matter 

lesion; ML, Molecular layer; WML, white matter lesion; F+/-, lymphoid-like status positive/negative. 

Scale bars: A) 1 mm; B- D) 200 µm; F- H) 1.5 cm. 

 

Figure 2. Diffuse cellular infiltrates of the cerebellar meninges. Tissue blocks were rated for 

meningeal inflammation based on number and organisation of haematoxylin stained inflammatory 

infiltrates. A rating of 0+ referred to fewer than 10 cells per area of interest (A), accumulations of 

between 10-30 cells (+)(B), > 30 cells in a loose or disorganised aggregate (++)(C), whilst >100 cells in 

A
cc

ep
te

d 
A

rti
cl

e



23 
This article is protected by copyright. All rights reserved. 

a tightly packed aggregate were rated as (+++)(D). An example of a (+++) aggregate in the cerebellar 

meninges of MS257 with a core of B-cells (E - CD20+ immunohistochemistry, and inset showing 

CD20+ B-cells and nuclear haematoxylin stain taken from a separate +++ meningeal aggregate from 

the same case), and surrounded by T-cells (F, CD3+ blue immunoprecipitate) and plasma cells (G, 

immunoglobulin A+,G+,M+). A far more frequent finding was that of smaller and less dense cellular 

aggregates lacking organisation (rated ++) in the cerebellar meninges consisting of macrophages (H), 

B-cells (I), and CD4+ (J) and CD8+ T-cells (K) taken from the F- SPMS case MS395. Scale bars: A) 250 

µm; B) 80 µm; C) 150 µm. 

 

Figure 3. Quantifying meningeal cerebellar inflammation. Regions of interest of the cerebellar 

meninges and Purkinje cell layer were identified from two areas of normal appearing and two areas 

of demyelinated grey matter per case (A). Quantification of meningeal CD20+ B-cells (B) and 

immunoglobulin A+, G+, M+ meningeal plasma cells (C) revealed their number to be significantly 

increased in F+ SPMS in comparison to controls.  Note that one F- SPMS case was removed from the 

analysis (MS355) as a statistically significant outlier (Grubbs test; z=3.49, p<0.01) with a value 11 fold 

greater than the group median. The number of CD68+ macrophages was increased in both F+ and F- 

SPMS (D) in comparison to controls, whilst the number of CD4+ (F), but not CD8+ (G) T-lymphocytes 

was significantly increased in F+ SPMS in comparison to the other groups. Group medians (and 

interquartile range) were compared by Kruskal-Wallis and Dunn’s post-test.  

 

Figure 4. Lymphoid-like positive secondary progressive MS cases exhibit increased parenchymal 

inflammation. CD68+ cells with a process-bearing microglia morphology, and others with a rounded 

and more darkly stained macrophage morphology, were seen in elevated numbers in the molecular 

and Purkinje cell layers of F+ SPMS (B, MS278; D, MS212) in comparison to controls (A, C044). 

Quantification of CD68+ cell densities in the grey matter parenchyma revealed a significant increase 

in CD68+ microglia/macrophages in the F+ SPMS cohort in comparison to control and F- SPMS (C). 
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Group medians (and interquartile range) were compared by Kruskal-Wallis and Dunn’s post-test. Ctrl, 

control cases; SPMS, secondary progressive multiple sclerosis. Scale bar: 100 µm.  

 

Figure 5. Purkinje cell degeneration is not a feature of progressive MS. Non-phosphorylated 

neurofilament immunostained section (A, and inset) illustrating the distribution of Purkinje cells in a 

control case. Purkinje cell density was determined for SPMS and control cases and was not different 

between groups (B), although those SPMS cases characterised by forebrain lymphoid-like structures 

showed a trend to a reduced number of Purkinje cell neurons. Group medians (and interquartile 

range) were compared by Kruskal-Wallis and Dunn’s post-test. C) Calbindin immunohistochemistry 

revealed the occasional Purkinje cell axon with distinctive end-bulb pathology (arrow, MS352). 

Synapse density was quantified in the molecular layer (ML) and the granule cell layer (GCL) of 

synaptophysin immunostained sections (D) and was not altered between control and disease. PCL, 

Purkinje cell layer; SPMS, secondary progressive multiple sclerosis. Scale bars: A) 250 µm; inset) 50 

µm; C, D) 60 µm.  
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Table 1. Summary of clinical data  

Cases Number of 

cases 

Females Age at disease 

onset 

Age at death Disease 

duration 

Post-mortem 

delay 

Controls 11 8 - 66.5  

(35 – 84) 

- 21.5 

(5 - 33) 

F+ SPMS cases 12 10 27.3  

(9 – 42) 

49.75  

(30 – 61) 

22.4  

(6 – 40) 

35.1  

(9 - 66) 

F- SPMS cases 15 9 31  

(19 – 56) 

56.4  

(46 – 64) 

25.4  

(15 – 39) 

20.8 

(4 - 44) 

Age at onset, age at death and disease duration in years. Post-mortem delay in hours. F+, F- SPMS 

refers to those secondary progressive MS cases characterized as harboring B cell follicle lymphoid-

like structures in the forebrain meninges (24). Values indicate group means, with the data range 

given in brackets.  
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Table 2. Primary antibodies and antigen retrieval conditions. 

Target Cell/Molecule Antigen Antigen retrieval 

buffer 

Antibody Source Clone 

Myelin oligodendrocyte 

glycoprotein  

MOG 0.01M Citrate buffer In house Z12 

Activated microglia and 

macrophages 

CD68 0.01M Tris + EDTA Dako, CA, USA Cr3/43 

B-cells CD20 0.01M Tris + EDTA Invitrogen, 

Carlsbad, CA 

L26 

CD4+ T-cells CD4 0.01M Tris + EDTA Abcam, Cambridge, 

UK 

BC/1F6 

CD8+ T-cells CD8 0.01M Tris + EDTA Dako C8/144B 

 

Plasma cells IgG/A/M 0.01M Tris + EDTA Dako Polyclonal 

Purkinje cells  non-phosphorylated 

neurofilament H 

0.01M Citrate buffer Abcam Smi-32 

Purkinje cell neurites Calbindin 0.01M Citrate buffer Sigma-Aldrich, 

Dorset, UK 

CL-300 

Synapses Synaptophysin 0.01M Citrate buffer Dako Polyclonal 
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Table 3. Association between meningeal inflammation and underlying cerebellar grey matter 

pathology.  

 
CD68+ 

monocytes 
CD4+ T cells CD8+ T cells CD20+ B cells 

Ig+ Plasma 

cells 

CD68+ 

microglia 

CD4+ T cells 0.42 *      

CD8+ T cells 0.31 0.41 *     

CD20+ B cells 0.41 * 0.36 0.41 *    

Ig+ Plasma 

cells 
0.24 0.3 0.24 0.32   

CD68+ 

microglia 
0.54 ** 0.06 0.11 0.28 0.04  

Area of GML 0.3 0.37 0.35 0.35 0.48 * 0.45 * 

Spearman rank correlation analysis comparing inflammatory cell densities of the meninges and 

parenchymal microglial activation and extent of cerebellar cortex demyelination. Spearman r values 

are shown and significant associations are noted by asterisks. *, p<0.05; **, p<0.01 and exact p 

values quoted in the text.  
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