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Summary for social media if published 

 

Twitter handle: @aletta_vdbosch 

Previous studies show loss of myelin stability in the normal appearing white matter (NAWM) 

of multiple sclerosis (MS). In this study we systematically quantified ultrastructural 

characteristics of the axon-myelin unit in NAWM of MS and control brain tissue at the 

subcellular level and correlated it to local neuro-inflammation. We show that in NAWM in MS 

the nodes of Ranvier are disorganized, the myelin is less compact and there is an increase of 

axonal mitochondria, correlating to activated microglia and correlates with increased neuro-

inflammation. These changes in de NAWM of MS may contribute to disease progression and 

predispose the tissue for lesion formation.  
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Abstract 

Objective: Changes in the normal-appearing white matter (NAWM) in multiple sclerosis (MS) 

may contribute to disease progression. Here, we systematically quantified ultrastructural and 

subcellular characteristics of the axon-myelin unit in MS NAWM and determined how this 

correlates with low grade inflammation. 

Methods: Human brain tissue obtained with short post-mortem delay and fixation at autopsy 

enables systematic quantification of ultrastructural characteristics. In this study, we 

performed high-resolution immunohistochemistry and quantitative transmission electron 

microscopy to study inflammation and ultrastructural characteristics of the axon-myelin unit 

in MS NAWM (n=8) and control white matter (WM) in the optic nerve. 

Results: In the MS NAWM, there were more activated and phagocytic microglia cells 

(HLA+P2RY12- and Iba1+CD68+) and more T cells (CD3+) compared to control WM, mainly 

located in the perivascular space. In MS NAWM compared to control WM there were, as 

expected, longer paranodes and juxtaparanodes and larger overlap between paranodes and 

juxtaparanodes. There was less compact myelin wrapping, a lower g-ratio, and a higher 

frequency of axonal mitochondria. Changes in myelin and axonal mitochondrial frequency 

correlated positively with the number of active and phagocytic microglia and lymphocytes in 

the optic nerve. 

Interpretation: These data suggest that in MS NAWM myelin detachment and uncompact 

myelin wrapping occurs, potassium channels are unmasked at the nodes of Ranvier, and 

axonal energy demand is increased, or mitochondrial transport is stagnated, accompanied by 

increased presence of activated and phagocytic microglia and T cells. These sub-clinical 

alterations to the axon-myelin unit in MS NAWM may be contributing to disease progression. 
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Introduction 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), 

with focal demyelinated lesions throughout [19, 22]. In early as well as advanced progressive 

MS, lesions arise from the normal-appearing white matter (NAWM) and there is substantial 

inflammatory activity. Compared to control white matter, in MS, the NAWM is affected by 

astrogliosis, axonal loss, increased oxidized phospholipids, lesion-like microglial activation, 

and reorganization of the paranodes and juxtaparanodal domains [2, 3, 11, 13, 24, 30]. 

Little yet is known about the axons and myelin at the subcellular level in NAWM in MS 

and how these correlate with inflammation. The myelin sheath, characterized by a 

multilamellar structure of multiple lipid-rich plasma membranes surrounding the axons, 

enables rapid impulse propagation, known as saltatory conduction [7]. In the CNS, myelin 

sheaths are formed by oligodendrocytes wrapping and compacting multiple layers of 

membranes around the axon that become flanked by nodes of Ranvier. Myelin thickness is 

typically correlated to the axon caliber [9]. In between the axon and the innermost myelin 

layer lies the inner tongue, where myelin membrane incorporation occurs [26, 37], and the 

extracellular peri-axonal space, which together with the myelinic channels is important for 

axonal metabolic support [7, 29]. These areas, which are possibly critical to MS pathology, are 

only visible at the ultrastructural level. 

In experimental animal models for MS, detachment of myelin from the axon occurs in 

the NAWM and this increases over time [4], and by biochemically altering the myelin structure 

in mice a demyelinating inflammatory immune response can be elicited [6], suggesting that 

altered organization of myelin relates to inflammation causing demyelinating lesions. In MS 

NAWM, disorganization of the nodes of Ranvier and myelin blistering have been observed [11, 

23, 44], and myelin from MS donors obtained from the NAWM is phagocytosed more 

efficiently compared to myelin obtained from control donors [15]. In the NAWM of MS donors, 

a disturbance of lipid composition due to a metabolic defect causing an increase in 

phospholipids and decrease of sphingolipids [43] and deimination of the myelin basic protein 

(MBP) [28] have been modelled to result in an increased repulsive force between myelin 

sheaths [28, 43]. 

Here, we have systematically applied immunohistochemical (IHC) and transmission 

electron microscopy (TEM) methods on human optic nerve tissue to quantitatively analyze the 
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characteristics and components of the axon and the myelin in the NAWM in MS at the 

ultrastructural level. To examine early myelin pathology in MS and the association of immune 

cell activation, we systematically correlated MS innate and adaptive immune parameters with 

these NAWM characteristics. We show that in MS optic nerve NAWM, ultrastructural 

characteristics of the axon-myelin unit are altered. There is a disorganization of the nodes of 

Ranvier and potassium channels are unmasked, the myelin is less compact, and there are more 

axonal mitochondria axonal, and this correlates with an increased number of activated and 

phagocytic microglia and T cells. Together, these sub-clinical alterations may contribute to 

disease progression in MS. 

 

Methods 

 

Donors and sample collection 

Post-mortem optic nerve tissue of n=8 MS donors and n=8 healthy control donors was 

provided by the Netherlands Brain Bank (NBB, Amsterdam, The Netherlands, 

www.brainbank.nl). All donors provided informed consent for brain autopsy and for the use 

of material and clinical data for research purposes in compliance with national ethics 

guidelines. MS pathology was confirmed by a certified neuropathologist. 

At autopsy, if no optic nerve lesions were visible by eye, the optic nerve was dissected 

at 1-cm distance of the optic chiasm, and each optic nerve sample was cut longitudinally. One 

half of the tissue was either fixed in formalin and embedded in paraffin (n=8) or fixed for 24 

hours in 4% paraformaldehyde and cryo-protected in 30% sucrose prior to freezing (n=8) for 

high resolution IHC, and the other half of the tissue was fixed in a phosphate buffer with 2.5% 

glutaraldehyde, 4% paraformaldehyde, and 0.5% NaCl (n=16) for TEM. Axons in the optic 

nerve are bundled and oriented in the same direction, which allows for the study of axons cut 

either longitudinally or transverse. All longitudinal and sagittal sections were checked for 

demyelinated and reactive sites, and donors were excluded when these were present. Thus, 

optic nerves studied were considered lesion-free (NA)WM. 

For MS donors, clinical disability milestones during the disease course were scored 

following the Kurtze’s Expanded Disability Status Scale (EDSS) and the age at onset and the 

total duration of disease from onset of first symptoms were described. Disease severity score 
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was calculated as 5 – log (years to EDSS6 + 1). For each MS donor, the lesion load and reactive 

site load, proportion of active lesions, mixed active/inactive lesions, inactive lesions, and 

remyelinated lesions, and the microglia macrophage activity score (MMAS) score was 

calculated as previously described [19, 22]. 

 

Sample preparation 

For high resolution IHC, 20-µm thick cryo-protected sections were cut longitudinally with a 

cryostat and stored in phosphate buffered saline (PBS) + 0.1% sodium azide until use. For TEM, 

samples were treated and contrasted using a modified reduced osmium/tetroxide-

thiocarbohydrazide/osmium protocol [42]. Semi-thin (500 nm) and ultra-thin (60 nm) sections 

were cut transversally with an ultramicrotome. The region of interest was guided by 1:1 

methylene blue/Azure II staining of semi-thin sections for 1 minute. Ultra-thin sections were 

mounted on copper grids.  

 

Immunohistochemistry 

For validation of the NAWM of all samples, 8-μm sections of the paraffin-embedded samples 

were deparaffinized and rehydrated in a xylene and ethanol series and 20-μm cryoprotected 

sections of the frozen sample were washed in PBS. All primary antibodies and antigen retrieval 

methods can be found in Table 1. 

Sections were incubated with 3% H2O2 in PBS + 0.5% TritonX for 10 minutes. Aspecific 

binding was blocked with blocking buffer (PBS + 10% normal horse serum (NHS) + 1% bovine 

serum albumin (BSA) + 0.5% TritonX) for 1 hour, and primary antibodies were incubated 

overnight at 4oC at dilutions indicated in Table 1. Appropriate biotinylated secondary 

antibodies were incubated for 1 hour 1:400 in blocking buffer and avidin-biotin-complex 1:800 

in PBS was incubated for 45 minutes. For HLA, PLP, APP and SMI32, the staining was visualized 

with DAB, and sections were counterstained with hematoxylin for 30 seconds and dehydrated 

in ethanol and xylene series. For Kv1.2, biotinylated tyramide was incubated 1:10,000 for 10 

minutes, and avidin-biotin-complex 1:800 was incubated for 45 minutes. For all stainings, 

conjugated fluorophores 1:800 were incubated for 1 hour. Nuclei were stained with Hoechst 

(1:1.000) for 10 minutes and Sudan Black 0.1% in 70% ethanol was incubated for 10 minutes. 

 

Quantification of immunohistochemistry 
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For quantification of markers of Wallerian degeneration, scans of the APP and SMI32 staining 

were made (Axio slide scanner, 20 x magnification) and images were analyzed with Qupath. 

Donors were marked for presence of APP+ axonal fragments. For SMI32, the whole tissue 

section was outlined and a threshold mask was used to quantify the percentage of the tissue 

positive for dark SMI32 staining. For microglia activity and lymphocyte presence, scans were 

made of the optic nerve (Axio slide scanner, 20 x magnification). In Qupath, the whole tissue 

section was outlined, regions with aspecific staining were excluded, and the area of the tissue 

was measured. For microglia quantification in Qupath, the cell profiler was run on the DAPI 

signal, cell classifiers were created of the Iba1, CD68, P2RY12, TMEM119, and HLA signal, and 

composites were created to quantify the number of single or double positives. Distribution of 

microglia was assessed. For lymphocyte quantification, the number of CD3+ T and CD19+ B 

cells were counted. All measurements were normalized on the size of the tissue. For CD3+ T 

cells, percentage of T cells localized in the perivascular space or parenchyma was assessed 

with laminin. 

Quantification of the nodes of Ranvier was performed in ImageJ. The length of 345 

control nodes and 257 MS nodes was measured, the length of 974 control paranodes and 692 

MS paranodes were measured, and for the juxtaparanodes, the length and percentage of the 

paranode overlapping the juxtaparanodes were quantified of 82 control juxtaparanodes and 

81 MS juxtaparanodes. 

Mitochondria and axons were imaged in 3-6 regions of interest per donor at 100 x with 

the STED microscope (STEDYCON, Abberior Instruments GmbH, Göttingen, Germany). Images 

were analyzed on Imaris (v. 9.7, Bitplane AG, Zürich, Switzerland). In Imaris, the mitochondria 

and axons were reconstructed, and a filter removed all mitochondria that did not lie within 

the axon. The number of axonal mitochondria were measured, and the surface area of the 

axons and size of axonal mitochondria were measured. The frequency of mitochondria was 

calculated by calculating the number of mitochondria per μm2 axon. 

 

Transmission electron microscopy 

Images were acquired at 5,000 x and 30,000 x magnification at random regions of interest 

(ROIs) with a transmission electron microscope (LEO EM912 Omega, Carl Zeiss Microscopy 

GmbH, Oberkochen, Germany) equipped with a dual speed, wide-angle 2K-CCD camera (TRS, 
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Moorenweis, Germany) using iTEM (Olympus, Tokyo, Japan) and digitally edited  with ImageJ 

version 2.1.0 [34]. 

Per donor, 119-268 myelinated axons were analyzed at 5,000 x magnification using a 

grid for unbiased quantification to characterize the g-ratio, myelin density, axon caliber, and 

inner tongue area. The diameter of the axon, the inner tongue, and the myelin sheath were 

calculated based on the area. The g-ratio was calculated by dividing the diameter of the axon 

with the diameter of the myelin sheath corrected for the inner tongue [26]. The myelin density 

was calculated with a positive pixel classifier in QuPath [5]. Per donor, in six randomly selected 

images at 5,000 x magnification, the number of myelinated axons were counted and the 

number of myelinoid bodies, outfoldings, and mitochondria per axon was calculated. 

Additionally, of axons with visible mitochondria the percentage of the axon covered by the 

area of the mitochondria was calculated. Of 16-30 axons per donor, the peri-axonal space was 

measured at 30,000 x magnification. For the MS donors, the ultrastructural characteristics 

were correlated with the clinical and pathological MS characteristics. 

 

Statistical analysis 

Considering the small group size, correlations between continuous averages per donor were 

tested with Spearman correlation coefficient. Differences in donor demographics and 

averages of ultrastructural characteristics were tested between groups with a two-sided 

Student’s T-test. If multiple measurements were made per donor for IHC or TEM 

characteristics, these were tested with a linear mixed-effect model correcting for within-

donor measurements. All statistics were performed in RStudio Desktop (version 1.2.5033, 

Rstudio, Inc., Boston, MA, USA), using key packages ggplot2, lme4, car, plyr, ggpubr, Hmisc, 

and corrplot. P-values <0.05 were considered significant. 

 

Results 

 

Donor demographics 

Donors with demyelination of the optic nerve, as assessed with PLP and Luxol Fast Blue (LFB), 

or with reactive sites, as seen with KiM1P staining, were excluded from the study, resulting in 

a cohort of n=8 control donors and n=8 MS donors. Microglia nodules were seen in both 
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groups (Fig. 1A-C) and were avoided for quantification of ultrastructural characteristics. 6 

control donors and 3 MS donors had cataract or macular degeneration and one MS donor had 

a prior history of optic neuritis in the contralateral optic nerve. As assessed with APP and 

SMI32, there was a comparable prevalence of Wallerian degeneration in controls compared 

to MS (Fig. 1D-H). Demographics and characteristics for disease severity and pathology of the 

MS donors are summarized in Table 2. In the IHC dataset, the groups were matched for age, 

post-mortem delay (PMD) and pH of the CSF, however there were significantly more control 

females than females with MS (CON: 100%, MS: 25%, p=0.03). In the TEM dataset, the groups 

were matched for PMD and pH of the CSF, however the MS donors were significantly younger 

than the control donors (CON: 85.88 ± 6.38 years, MS: 70.13 ± 7.22 years, p=4.1e-4) and there 

were significantly less females with MS than control females (CON: 100% female, MS: 50% 

female, p=0.02). The cause of death of control donors was cancer (n=3), old age (n=1), 

infection (n=1), heart failure (n=1), palliative sedation (n=1) or euthanasia (n=1). The cause of 

death of MS donors was infection (n=3), euthanasia (n=3), palliative sedation (n=1) or 

respiratory insufficiency (n=1). 

 

More active microglia and lymphocytes in MS NAWM 

To determine activity of microglia of the NAWM of MS and control donors, the optic nerve 

was quantified for microglia activity as assessed with P2RY12/HLA and iba1/CD68. 

Lymphocyte presence was quantified with CD3, CD19, and CD138 staining. In MS compared 

to controls, there were similar numbers of microglia (Iba1+CD68) and there were more 

activated, phagocytic microglia (Iba1+CD68+, CON: 234.55 ± 22.91 cells/mm2, MS: 340.06 ± 

45.65 cells/mm2, p=0.01). Furthermore, there was a comparable number of homeostatic 

microglia (P2RY12+HLA-) and partially activated microglia (P2RY12+HLA+). Interestingly, there 

were more activated microglia (P2RY12-HLA+, CON: 257.06 ± 35.32 cells/mm2, MS: 486.61 ± 

133.11 cells/mm2, p=0.04), despite the higher age of control patients. The microglia activity 

was homogeneously distributed throughout the optic nerve tissue. In MS compared to 

controls, there were more CD3+ T cells (CON: 14.45 ± 2.23 cells/mm2, MS: 29.70 ± 8.76 

cells/mm2, p=0.04). No cuffing, defined as more than one ring of perivascular CD3+ T cells [31], 

was observed in the tissue. As assessed with laminin, an equal percentage of the CD3+ T cells 

were localized in the parenchyma in MS compared to controls (CON: 7.82%, MS: 11.57%) (Fig. 

1I-S). Only 1 MS donor showed the presence of CD19+ B cells (data not shown). Thus, 
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consistent with previous findings [10, 14, 46], the NAWM in MS is characterized by substantial 

activated immune cell infiltration and activated resident immune cells. 

 

Elongation and unmasking of ion channels at nodes of Ranvier in MS NAWM 

With high resolution IHC, the organization of the nodes (75 per donor), paranodes (208 per 

donor), and juxtaparanodes (20 per donor) was quantified (illustration at Fig. 2A). 

Representative images of nodes and paranodes are visualized in Fig. 2B. In MS compared to 

controls, the length of the nodes was not different however the length of CASPR1 was longer 

(CON: 3.36 ± 0.52 µm, MS: 4.51 ± 0.94 µm, p=0.03, Fig. 2C-D). A representative image of a 

non-overlapping paranode and juxtaparanode is shown in Fig. 2E with the corresponding 

intensity graph in Fig. 2F, and a largely overlapping paranode and juxtaparanode is visualized 

in Fig. 2G with the corresponding intensity graph in Fig. 2H. In MS compared to controls, the 

Kv1.2 ion channel-positive area was significantly longer (CON: 4.74 ± 0.52 µm, MS: 6.12 ± 1.11 

µm, p=0.01), and the percentage of CASPR1-positive area overlapping with Kv1.2 staining is 

larger (CON: 34.50% ± 2.23%, MS: 49.30% ± 6.29%, p=7.12e-5, Fig. 2I-J). Thus, similar to others 

[11, 44], here we showed that the nodes of Ranvier are disorganized as there is elongation of 

the paranodes and juxtaparanodes and increased overlap between the paranodal and 

juxtaparanodal regions. 

 

Correlation between ultrastructural characteristics in MS NAWM 

In Fig. 3A-C, representative TEM images are shown. All Spearman correlations between 

ultrastructural characteristics and age, post-mortem delay (PMD), and pH are visualized in Fig. 

3D, with significant p-values indicated in text and correlation coefficients indicated in a color 

scale. The g-ratio, axon caliber, inner tongue area, axonal density, number of outfoldings, 

number of myelinoid bodies, coverage of the axon by mitochondria, mitochondria frequency, 

and peri-axonal space were not correlated to age, PMD, and pH of the CSF, and there were no 

sex differences. The axon caliber was positively correlated to the g-ratio (Fig. 3E, p=0.01, 

r=0.63), the inner tongue area (p=0.02, r=0.57), and the number of outfoldings (p=2.5e-3, 

r=0.70). The axon caliber was negatively correlated to the axonal density (Fig. 3F, p=6.9e-5, 

r=-0.83) and the coverage of the axon by mitochondria (p=0.02, r=-0.56). The axonal density 

was negatively correlated with the number of outfoldings (p=0.01, r=-0.65) and positively 

correlated with the coverage of the axon by mitochondria (p=0.01, r=0.63). 

 15318249, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26585 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

 

Ultrastructural alterations of the myelin in MS NAWM 

The ultrastructural characteristics based on 119-268 myelinated axons per donor, or 16-30 

myelinated axons per donor for the peri-axonal space, were quantified with TEM and 

compared between MS and controls. The axon caliber was not different in MS NAWM 

compared to control WM (Fig. 4A). In MS NAWM, there was a significantly lower g-ratio 

compared to controls (CON: 0.53 ± 0.03, MS: 0.50 ± 0.04, p=0.03) and a lower myelin density 

(CON: 95.43% ± 1.47%, MS: 92.43% ± 3.01%, p=0.01) (Fig. 4B-C). The inner tongue area and 

peri-axonal space were not different in MS NAWM compared to control WM (Fig. 4D-E). The 

number of myelinoid bodies, axonal density, and the number of outfoldings were not different 

between MS and controls (Fig. 4F-H). Therefore, there are ultrastructural myelin alterations 

in MS as the myelin is less compact in MS NAWM compared to control WM. 

 

Increase of axonal mitochondria in MS NAWM 

To fully appreciate the 3-dimentional (3D) shape of mitochondria, their frequency and size 

were studied with both TEM and high resolution IHC. As assessed with EM, in MS a higher 

percentage of axons containing mitochondria was visible (CON: 18.41% ± 5.68%, MS: 23.68% 

± 3.72%, p<0.05), however in axons containing mitochondria the percentage mitochondrial 

coverage of the axons was not different between MS and controls (Fig. 5A-C). High resolution 

immunohistochemical stainings of axonal mitochondria were reconstructed in Imaris as 

visualized in Fig. 5D. Compared to healthy control WM, in MS axons in the NAWM contained 

more mitochondria (CON: 0.05 ± 0.01, MS: 0.09 ± 0.01, p=1.5e-4), however the surface area 

of the mitochondria was not different (Fig. 5E-F). This implies a higher axonal energy demand 

or a stagnated mitochondrial transport in MS NAWM compared to control WM. 

 

Ultrastructural abnormalities correlate with microglia activity markers and T cell number 

Ultrastructural characteristics as measured with TEM and IHC that were significantly different 

in MS compared to controls were tested for correlation with microglia activity and lymphocyte 

presence as visualized in Fig. 6. The g-ratio was near-significantly negatively correlated to the 

number of P2RY12-HLA+ activated microglia and the number of CD3+ T cells (p=0.071, r=-0.67; 

p=0.071, r=-0.67) and was not correlated to the number of Iba1+CD68+ phagocytic microglia 

(p=0.120, r=-0.56, data not shown). The myelin density was negatively correlated to the 
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number of P2RY12-HLA+ activated microglia (p=0.001, r=-0.93), the number of Iba1+CD68+ 

phagocytic microglia (p=0.007, r=-0.86) and the number of CD3+ T cells (p=0.047, r=-0.74) (Fig. 

6A-C). The axonal mitochondria frequency was positively correlated to the number of P2RY12-

HLA+ activated microglia (p=0.015, r=0.81) and the number of Iba1+CD68+ phagocytic microglia 

(p=0.047, r=0.71) (Fig. 6D-E), and was not correlated to the number of CD3+ T cells. The 

paranode length was not correlated to the number of P2RY12-HLA+ activated microglia or the 

number of Iba1+CD68+ phagocytic microglia and was positively correlated to the number of 

CD3+ T cells (p=0.015, r=0.81 (Fig. 6F). The juxtaparanode length was positively correlated to 

the number of P2RY12-HLA+ activated microglia (p=0.021, r=0.79) (Fig. 6G), was approaching 

a positive correlation to the number of Iba1+CD68+ phagocytic microglia (data not shown, 

p=0.058, r=0.69), and was positively correlated to the number of CD3+ T cells (p=0.015, r=0.81) 

(Fig. 6H). The percentage overlap between the paranodes and juxtaparanodes was positively 

correlated to the number of P2RY12-HLA+ activated microglia (p=0.021, r=0.79), the number 

of Iba1+CD68+ phagocytic microglia (p=0.015, r=0.81) and the number of CD3+ T cells (p=0.015, 

r=0.81) (Fig. 6I-K). 

 The g-ratio, myelin density, axonal mitochondria frequency, length of CASPR1, length 

of Kv1.2, and percentage overlap of CASPR1 with Kv1.2 were not correlated to the lesion load, 

MMAS score, severity score nor the percentage of SMI32+ axons (data not shown). 

 

Discussion 

Here, we present the first systematic quantification of ultrastructural characteristics of the 

NAWM of control and MS donors using TEM and high-resolution IHC. In the NAWM of the 

optic nerve in MS compared to controls, we found an elongation of the paranodes and 

juxtaparanodes and an increased overlap of paranodes and juxtaparanodes, causing 

unmasking of the potassium channels, similar to previous findings in subcortical NAWM [11, 

44]. We further observed that the g-ratio is lower and that myelin is less compact, and that 

there is a higher frequency of mitochondria. The characteristics that are altered in MS are 

furthermore correlated positively with the number of active (P2RY12-HLA+) and phagocytic 

(Iba1+CD68+) microglia and the number of CD3+ T cells present in the tissue. The loss of 

microglia homeostasis and presence of lymphocytes may be causal to alterations in the axon-

myelin unit that could lead to more axonal mitochondria and possibly subsequently more free 
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radicals that can oxidize the lipids, making the myelin more prone to phagocytosis and 

therefore predisposing the tissue for lesion formation. 

Ultrastructural and immunohistochemical characteristics of the NAWM were not 

confounded by donor demographics nor were they correlated with MS pathology throughout 

the CNS. Though the MS and control group differed in age and sex, no correlation between 

age and the data was found nor were there any sex-related differences in the data. In MS and 

control donors there was a similar prevalence of Wallerian degeneration and the percentage 

of SMI32+ axons was not correlated to the data. Therefore, the data were not affected by 

Wallerian degeneration. Sampling bias was minimized by random selection of ROIs and using 

a grid for TEM axon analysis. Due to methodological challenges of performing TEM on human 

tissue, not much yet is known about the ultrastructural characteristics of human WM. Here, 

potentially due to the short post-mortem delay and direct fixation at autopsy, tissue was well 

preserved enabling systematical quantification of ultrastructural characteristics. For 

ultrastructural characteristics quantified with IHC, all stainings were tripled with microglia 

staining to ensure exclusion of regions with small clusters of microglia as local pro-

inflammatory sites may skew the data. Donors with macroscopically visible lesions in the optic 

nerve during autopsy and donors with focal lesion pathology in the sampled area of the optic 

nerve, as assessed with Kim1P, PLP, Bielschowsky, and Luxol Fast Blue staining, were excluded. 

Of the included donors, one MS donor had a history of optic neuritis in the opposing optic 

nerve, some control and some MS donors had cataract or macular degeneration, and no other 

donors had mentioning of optic neuritis in their clinical files. 

In line with previous studies on subcortical WM on the nodes of Ranvier, in MS the 

length of the node was similar between MS and controls and in MS the paranode as well as 

the juxtaparanode were longer compared to controls, with a larger overlap of the paranode 

and the juxtaparanode [8, 11, 16, 32, 44]. We and others show that the extent of abnormalities 

at the nodes of Ranvier in the NAWM is correlated to the degree of microglial activation [16], 

and previously, it was shown that these alterations can be provoked in vitro by pro-

inflammatory cytokines [11]. The unmasking of potassium channels may contribute to altered 

electrical properties of the axons [41] and altered potassium release can modulate microglia-

node interactions [32]. 

In line with previous electron microscopy studies on non-human tissue [26, 38, 39], the 

axon caliber was positively correlated with the g-ratio, indicating that the myelin diameter 

 15318249, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26585 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 
 

corrected for the inner tongue is relative to the axonal diameter. Surprisingly, in MS, we found 

a smaller g-ratio compared to controls. As we found no difference in axon caliber, inner tongue 

area, or peri-axonal space between MS and controls, the altered g-ratio in MS can most likely 

be attributed to changes in the myelin itself. As the myelin density of MS donors is lower 

compared to control donors, it is likely that the smaller g-ratio in MS is due to less compact 

wrapping of the myelin. Previously, larger g-ratios were found in the normal-appearing grey 

matter of MS donors compared to controls, which was attributed to extensive remyelination 

[1]. Indeed, we did not observe remyelination in the NAWM of the optic nerves and the 

NAWM in MS seems to be affected pathologically different compared to the normal appearing 

grey matter. Moreover, an abnormal sphingolipid metabolism was found in MS NAWM [17, 

25, 27], perhaps mediated by pro-inflammatory cytokines [35], and the increased lipid 

peroxidation products 4-HNE modified lysine and histidine as well as deimination of myelin 

basic protein were modeled to result in an increase in the repulsive force between myelin 

layers, leading to decompaction of the myelin structure [28, 43]. This altered sphingolipid 

metabolism may be the mechanism underlying the lower g-ratio and lower myelin 

compactness in MS that we have shown here. Myelin isolated from the NAWM was previously 

shown to be more efficiently phagocytosed by primary human microglia than control myelin 

[15], indicating that alterations in the myelin may predispose MS myelin for phagocytosis. We 

speculate that the less compact wrapping of the myelin, the detachment of the myelin at the 

paranode, and the unmasking of the potassium channels may underly a higher axonal energy 

demand. 

Interestingly, in MS compared to controls, the axons contained a higher number of 

mitochondria with comparable surface area, which was shown with TEM and as well as with 

3D IHC to fully appreciate the highly dynamic structure of mitochondria. This implies that there 

is a higher energy demand of the axon in MS than controls or that the transport of 

mitochondria along the axon has stagnated, perhaps due to nodal pathology [11, 16]. 

Although most mitochondria in axons are stationary, they will rapidly redistribute to sites of 

pathological stress [40]. During metabolic or environmental stress of a cell, mitochondrial 

fusion and fission help mitigate stress, create new mitochondria, and enable removal of 

damaged mitochondria [45]. If mitochondrial fragmentation occurs while surface area 

remains constant, this can result in a higher concentration of calcium, resulting in higher 

mitochondrial activity and more ATP production [12]. This improved calcium buffering 
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capacity may provide a neuroprotective opportunity [21, 33], however this could additionally 

lead to an increase of free radicals which, when in pathological amounts, can cause damage 

to the mitochondria itself and to the tissue surrounding it [18]. These radicals are additionally 

produced in large amounts by activated microglia, and mitochondrial injury is considered a 

key element of neurodegeneration in MS [20]. 

In line with previous studies in the NAWM of MS, there was a higher number of 

activated microglia (P2RY12-HLA+), phagocytic microglia (Iba1+CD68+) and CD3+ T cells per 

square millimeter tissue compared to controls [14, 36, 46]. The percentage of parenchymal 

CD3+ T cells was similar in controls and MS, which is in line with the localization of subcortical 

(NA)WM T cells [10]. The number of active and phagocytic microglia and CD3+ T cells were 

accordingly correlated to ultrastructural characteristics of the NAWM in the same direction as 

these characteristics were affected in MS compared to controls. Previous studies have shown 

that pro-inflammatory cytokines that can be produced by these immune cells in vitro lead to 

elongation and disorganization of the nodes of Ranvier, and the extent of ex vivo lipid 

metabolism defect in MS is related to evidence of monocyte infiltrates [11, 43]. As 

ultrastructural characteristics were not correlated to characteristics of MS pathology in the 

CNS of the donors, it is likely that the abnormalities seen here in the NAWM of the optic nerve 

in MS are driven by pro-inflammatory cytokines produced by lymphocytes and active and 

phagocytic microglia rather than by Wallerian degeneration. However, it is also possible that 

ultrastructural abnormalities could lead to increased immune activity, therefore future 

research is necessary to elucidate any causalities. It should be noted that we cannot exclude 

the presence of lesions in tissue distally in the optic nerve, nor can we exclude the possibility 

that the smaller group size reduced the power thus far that no correlations could be found 

between ultrastructural characteristics and MS pathology or the severity score. It is likely that 

in MS at local inflammatory sites in the NAWM, such as microglia nodules or inflamed vessels, 

more ultrastructural axonal characteristics will be altered, and the interaction of immune cells 

and the axon-myelin unit may also be of importance. Future research should shed light on 

this. 

Taken together, our data show ultrastructural changes in the NAWM of MS at the levels 

of the myelin and axon including a less compact myelin composition, disorganization of the 

nodes of Ranvier and increased axonal mitochondria frequency in progressive MS. Moreover, 
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the changes correlated with chronic inflammation throughout the CNS. These changes may 

contribute to further MS progression. 
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Figure legends 

 

Figure 1: Inflammation occurring in the NAWM. (A) Luxol Fast Blue, (B) PLP, and (C) Kim1p 

stainings of the optic nerve shows no demyelination or reactive sites, besides from some 

nodules, with a scale bar of 400 nm. (D) APP+ axonal fragments (E) were found in both control 

and MS tissue. (F) SMI32+ axons were observed in both control as (G) MS tissue, and (H) the 

percentage of tissue that was SMI32+ was comparable in control and MS tissue. (I) Iba1 (in 

green) and CD68 (in yellow) staining of a control optic nerve with an enlarged panel with an 

arrow pointing to an Iba1+CD68- cell. (J) Iba1 (in green) and CD68 (in yellow) staining of an MS 

optic nerve with an enlarged panel with an arrow pointing to an Iba1+CD68+ cell. (K) In MS 

compared to controls, there are an equal amount of Iba1+ microglia/mm2 and more 

Iba1+CD68+ microglia/mm2 (p=0.01). (L) HLA (in green) and P2RY12 (in yellow) staining of 

control optic nerve with two enlarged panels, with in the first panel an arrow pointing to a 

P2RY12+HLA- cell and in the second panel an arrow pointing to a P2RY12+HLA+ cell. (M) HLA 

(in green) and P2RY12 (in yellow) staining of MS optic nerve with two enlarged panels, in the 

first panel an arrow pointing to a P2RY12+HLA+ cell and in the second panel an arrow pointing 

to a P2RY12-HLA+. (N) In MS compared to controls, there are equal numbers of P2RY12+HLA- 

and P2RY12+HLA+ microglia/mm2 and more P2RY12-HLA+ microglia/mm2 (p=0.04). (O) CD3 (in 

yellow) staining of control optic nerve and (P) CD3 (in yellow) staining of MS optic nerve with 

arrows pointing to CD3+ T cells. (Q) In MS compared to controls, there are more CD3+ T 

cells/mm2 (p=0.04). (R) As assessed with laminin (in green), CD3+ T cells (in yellow) were found 

both in the perivascular space as well as in the parenchyma, and (S) the percentage of CD3+ T 

cells in the parenchyma was similar in MS compared to controls. 

 

Figure 2: Altered length and distribution of ion channels at the nodes of Ranvier. (A) 

Illustrative image showing nodal, paranodal, and juxtaparanodal area. (B) Representative 

images of a control paranode (CASPR1) in the top panel and an MS paranode in the bottom 

panel. (C) In MS, the length of the nodes is comparable to controls, and (D) the paranodes 

(CASPR1) are longer (p=0.03). Representative image of (E) a control juxtaparanode (Kv1.2, 

yellow) and paranode (CASPR1, red) not overlapping with (F) corresponding intensity plot and 

of (G) an MS juxtaparanode (Kv1.2, yellow) and paranode (CASPR1, red) with high overlap with 
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(H) corresponding intensity plot. In MS compared to controls, (I) the juxtaparanodes (Kv1.2) 

are longer (p=0.01) and (J) there is a higher percentage of paranodes (CASPR1) overlapping 

with juxtaparanodes (Kv1.2) (p=7.12e-5). 

 

Figure 3: Quantification of ultrastructural characterization of the NAWM in the optic nerve. 

(A) TEM image of an MS optic nerve at 5,000 x with indicated a myelin outfolding indicated 

with a white arrow, axons in blue, inner tongues in yellow, myelin in purple, a myelinoid body 

with an asterisk, and a mitochondria indicated with an arrowhead. (B) Representative image 

of 5,000 x TEM image showing quantification of myelin density with the top panel showing a 

control myelin ring with high density and the lower panel showing MS myelin with low density. 

(C) Transmission electron microscope image at 30,000 x with the peri-axonal space in orange. 

(D) Correlation matrix of Spearman’s correlations of ultrastructural characteristics measured 

with the TEM and donor demographics, showing that the axon calibre correlates positively to 

the g-ratio, the inner tongue area, and the number of outfoldings and negatively to the axon 

density. The axon density correlates negatively to the inner tongue area and the number of 

outfoldings and positively to the mitochondrial coverage of the axon. The number of 

outfoldings correlates negatively to the mitochondrial coverage of the axon. (D) The axon 

calibre correlates positively to the g-ratio (p=0.009, r=0.63) and (E) negatively to the axonal 

density (p=6.9e-5, r=-0.83). 

 

Figure 4: Less compact myelin wrapping in MS NAWM. In MS compared to controls, (A) the 

axon calibre was similar, (B) the g-ratio was smaller (p=0.02), (C) the myelin density was 

smaller (p=0.01), (D) the inner tongue area was similar, and (E) the peri-axonal space was 

similar. There were no differences between MS and controls in (F) amount of myelinoid 

bodies, (G) the axonal density, or (H) the amount of outfoldings. 

 

Figure 5: Increased number of axonal mitochondria in MS NAWM. (A) TEM image taken at 

5,000 x with two enlarged panels, the top showing an axon with no mitochondria visible, the 

bottom showing an axon with mitochondria visible, shown in red. (B) In MS compared to 

controls, more axons contained mitochondria, and the (C) percentage of mitochondrial 

coverage of the axon was similar. (D) Reconstructed 3-D axons (SMI312 in green) and 

mitochondria (Tomm20 in red) of an MS donor. (E) In MS compared to controls, the 
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mitochondria frequency was higher (p=1.5e-4) and (F) the surface area of the mitochondria is 

similar. 

 

Figure 6: Ultrastructural alterations are correlated to number of active and phagocytic 

microglia and number of T cells. Spearman correlation tests of ultrastructural alterations that 

were different in MS compared to controls and the number of activated microglia, phagocytic 

microglia and T cells. (A) The myelin density was negatively correlated to the number of 

P2RY12-HLA+ cells/mm2 (p=0.001, r=-0.93), (B) the number of Iba1+CD68+ cells/mm2 (p=0.007, 

r=-0.86) and (C) the number of CD3+ T cells/mm2 (p=0.047, r=-0.74). The axonal mitochondria 

frequency was positively correlated to (D) the number of P2RY12-HLA+ cells/mm2 (p=0.015, 

r=0.81) and (E) the number of Iba1+CD68+ cells/mm2 (p=0.047, r=0.71). The length of CASPR1 

was positively correlated to (F) the number of CD3+ T cells/mm2 (p=0.021, r=0.79). The length 

of Kv1.2 was positively correlated to (G) the number of P2RY12-HLA+ cells/mm2 (p=0.021, 

r=0.79) and (H) the number of CD3+ T cells/mm2 (p=0.015, r=0.81). The percentage overlap of 

CASPR1 with Kv1.2 was positively correlated to (I) the number of P2RY12-HLA+ cells/mm2 

(p=0.015, r=0.81), (J) the number of Iba1+CD68+ cells/mm2 (p=0.002, r=0.91) and (K) the 

number of CD3+ T cells/mm2 (p=0.047, r=0.71). 
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Table 1: Antibodies 
Primary 
antibody 

Company (Cat#) Dilution Antigen retrieval 

HLA DAKO (M077501-2) Frozen: 1:500 
FFPE: 1:100 

Frozen: - 
FFPE: PBS, pH7.6, 10 min, 700 W 

PLP BioRad (MCA839G) Frozen: 1:6,000 
FFPE: 1:500 

Frozen: - 
FFPE: PBS, pH7.6, 10 min, 700 W 

Kim1P Kindly gifted by Prof. Dr. Heinz-
Joachim Radzun, Göttingen 

1:5,000 Citrate buffer, pH6, 10 min, 700 W 

APP EMD Millipore (MAB348) 1:2,000 - 
SMI32 Covance (LN# E11HF01669) 1:1,000 - 
P2RY12 Kindly gifted by Dr. Chotima 

Böttcher, Charité Berlin 
1:1,500 - 

Iba1 Wako (019-19741) 1:750 - 
CD68 DAKO (M0814) 1:750 - 
CD3 DAKO (A0452) 1:100 Citrate buffer, pH6, 30 min, 80oC 
CD3 Abcam (ab699) 1:50 - 
Laminin Sigma (L9393) 1:100 - 
CASPR Abcam (ab34151) 1:200 Citrate buffer, pH6, 3 hours, 60oC 
Kv1.2 Alomone (APC-010) 1:100 Citrate buffer, pH6, 3 hours, 60oC 
Tomm20 Abcam (ab186735) 1:200 Citrate buffer, pH6, 30 min, 80oC 
CD19 Biolegend (115501) 1:100 Citrate buffer, pH6, 30 min, 80oC 
CD138 BioRad (MCA2459T) 1:100 Citrate buffer, pH6, 30 min, 80oC 
SMI312 Biolegend (837901) 1:750 Citrate buffer, pH6, 30 min, 80oC 

Abbreviations: FFPE = formalin fixed paraffin embedded, PBS = phosphate buffered saline 
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Table 2: Donor demographics and characteristics of MS severity and pathology 
 IHC TEM 

 CON (n=4) MS (n=4) p-value CON (n=8) MS (n=8) p-value 
Age in years (SD) 87.50 (7.94) 72.25 (10.24) n.s. 85.88 (6.38) 70.13 (7.22) 4.1e-4 
Sex (F%) 100% 25% 0.03 100% 50% 0.02 
PMD in hours (SD) 6:41 (1:50) 6:36 (1:37) n.s. 7:12 (1:34) 6:59 (1:39) n.s. 
pH of CSF (SD) 6.57 (0.21) 6.60 (0.28) n.s. 6.58 (0.19) 6.57 (0.26) n.s. 

Age at onset (SD) - 39.25 (13.45) - - 37.38 (11.11) - 
DOD (SD) - 33.25 (11.15) - - 32.88 (9.88) - 
Severity score (SD) - 2.35 (1.56) - - 3.05 (1.28) - 

Abbreviations: CSF = cerebrospinal fluid, DOD = duration of disease, IHC  = immunohistochemistry, PMD = post-
mortem delay, SD = standard deviation, TEM = transmission electron microscopy. P-values calculated with 
unpaired two-sided T-test. 
 
 

Aletta Marthe Roswitha van den Bosch 

alettavdb@hotmail.com 
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