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Abstract

The mechanisms that drive myelin damage as seen in demyelinating disorders such as multiple sclerosis 

remain incompletely understood. Much of our current knowledge is derived from animal models, but 

interspecies differences limit their relevance in the context of human pathology and could explain why 

various promising therapies failed during clinical translation. Human post-mortem organotypic brain slice 

cultures provide a unique platform to study human myelin biology, as they preserve genetic, 

cytoarchitectural, pathological and species-specific context. Here, we evaluated myelin integrity in a human 

post-mortem brain organotypic slice culture model and experimentally induced focal myelin damage.

Human post-mortem organotypic slices cultures retain key features throughout the culturing period, but 

exhibit gradual cellular and myelin loss over time. Myelin fibres within the white matter remain detectable 

and present with preserved structural and chemical integrity up to 13 days in vitro, indicated by the 

conserved ultrastructure, paranodal and nodal organization, and stable myelin spectroscopic signature. 

Topical delivery of lysophosphatidylcholine using cryogel scaffolds enables focal drug administration 

throughout the full depth of the slice with minimal diffusion into surrounding tissue and induces localized 

demyelination. Similar focal application of the Nav1.6 channel agonist β-scorpion toxin Cn2 induces subtle 

myelin destabilization. Overall, our results demonstrate human post-mortem brain organotypic slice culture 

model as an adequate platform for studying myelin damage in a human context.

Key words: human, myelin, organotypic slice culture, cryogel, demyelination, translational model.

Introduction

Myelin sheaths are essential for fast electrical conduction and for the trophic support of enwrapped axons 

[38]. Myelin sheath disruption is a hallmark of a wide spectrum of neurological conditions, including ageing 

[11], leukodystrophies [13], Alzheimer’s disease [7], and in particular multiple sclerosis (MS) [18]. Yet, 

the precise mechanisms that initiate myelin destabilization and drive the transition from subtle structural 

changes to overt demyelination remain poorly understood.

A subtle yet important feature of early myelin damage is the formation of small focal detachments of myelin 

sheaths from their enwrapped axon, termed myelin blistering or myelin vacuolization [12, 20]. In animal 

models of demyelination, myelin blistering precedes frank demyelination [12, 31], suggesting that blistering 
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may represent an early sign of instability at the level of an axo-myelin interface. In MS, myelin blisters 

have been observed normal-appearing white matter (NAWM) and prelesional stages of white matter (WM) 

degeneration [20, 21], pointing to their possible role as prodromal indicators of demyelination in the 

context. Despite their putative pathogenic significance, the cellular events leading to blister formation and 

their contribution to disease progression remain largely unexplored.

Much of our current knowledge of myelin biology stems from animal models, which have been invaluable 

in exploring mechanisms of myelin damage and repair. However, most therapeutic strategies aimed at 

myelin repair that showed promise in these models ultimately failed in humans [17, 46]. These translational 

setbacks underscore the limitations of animal systems in capturing complete human myelin pathology [35] 

and highlight the need for models that bridge the gap between animal models and clinical studies. Human 

post-mortem brain organotypic slice cultures (HPMB-OSC) offer a unique opportunity to bridge this 

translational gap [19, 32–34, 42, 43]. HPMB-OSCs retain the cellular diversity, cytoarchitecture, and 

microenvironment of native human brain tissue, while remaining for experimentation in vitro [32]. 

Importantly, HPMB-OSCs retain disease-specific characteristics and allow for controlled manipulation, 

enabling the study of pathological mechanisms and assessment of potential therapies [19, 32, 34]. In a 

proof-of-concept study, HPMB-OSCs exhibited neuronal activity, expressed virally transduced products, 

and retained disease-specific pathology features [32]. Bath application of the demyelinating agent 

lysophosphatidylcholine (LPC) to HPMB-OSCs induced a multicellular response characterized by myelin 

swelling, macrophage-mediated myelin debris clearance, and reactive astrogliosis [32]. However, myelin 

integrity in HPMB-OSCs, as well as the extent to which myelin disturbances can be experimentally induced 

in this model, has not yet been evaluated.

In this study, we first assessed changes in the myelin organization and composition during HPMB-OSCs 

culture. Subsequently, we instigated focal WM demyelination by locally applying LPC using cryogel 

scaffolds, a recently developed strategy previously used in rodent models that allows focal drug delivery 

[9, 45]. Finally, we induced subtle myelin pathology by creating ionic disbalance using the Nav1.6-selective 

agonist Cn2. Together, these results establish HPMB-OSCs as a suitable model for the investigation of 

myelin dynamics, bridging the translational gap between animal studies and clinical research.

Material and Methods

Human post-mortem brain specimens

Brain tissue was obtained at autopsy from nine MS brain donors, one Huntington disease patient, one donor 

with post-traumatic stress syndrome, and one non-demented control (Table 1). For all donors, a tissue block 
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from the superior or middle frontal gyrus devoid of macroscopical abnormalities containing approximately 

40% cortex and 60% subcortical WM was rapidly dissected, immersed in ice-cold dissection medium 

consisting of Hibernate-A (Thermo Fisher, A1247501, US) supplemented with 1% penicillin-streptomycin 

(Thermo Fisher, 15140122, US) and 2.5 µg/ml Amphotericin-B (Thermo Fisher, 15290018, US), and then 

promptly transported to the laboratory for further processing. Tissue collection was performed on average 

with a post-mortem delay of 5.5 hours.

The whole study was approved by the local Medical Ethical Committee of the Vrije University Medical 

Center (Amsterdam, The Netherlands) and all experiments were performed in accordance with the 

declaration of Helsinki. For all donors, written informed consent for brain autopsy, the use medical data, 

and permission to use the tissue for research purposes was obtained by the Netherlands Brain Bank 

(https://www.brainbank.nl/).

Table 1 Donor Characteristics.

ID Sym
bol

Sex Age pH CSF PMD 
(h:min)

Diagnosis Cause of death Figure

OS05 + f 71 6,83 7:05 MS Legal euthanasia 1, 2

OS06 ○
m 54 6,67 5:45 MS Deterioration due to 

MS
1, 2

OS07 ● m 53 6,52 2:50 Non-MS(HD) Euthanasia 1, 2, 3

OS08 ◇
f 76 6,39 5:05 MS Atrial fibrillation, 

medication stopped
1, 2, 3

OS10 ⬡
f 67 6,26 6:45 MS Deterioration due to 

MS
1, 2, 4

OS11 □ f 71 6,56 6:30 MS Urosepsis 4

OS12 ✳ f 69 6,10 6:15 MS Colon cancer 4

OS13 △ f 54 6,65 4:30 MS Legal euthanasia 3, 5

OS14 × f 73 6,42 8:10 MS Deceased during sleep 5

OS16 ▲ m 93 6,14 5:30 Non-MS (NNC) n.a. 1, 2, 3

OS18 ■ f 49 n.a. 4:00 Non-MS (PTSS) n.a. 5

OS19 ⬠ f 58 n.a. 3:40 MS n.a. 2, 4

CSF=cerebrospinal fluid; f=female; HD=Huntington’s disease; ID=identifier; M=male; MS=Multiple Sclerosis; 

NNC=Non-neurological control; PMD=post-mortem delay; PTSS=Post-Traumatic Stress Syndrome, n.a.= not 

available.

Synthesis of sulfonated cryogels

Cylindrical cryogels were synthesized within 3D printed templates. The templates were designed using 

Autodesk Inventor software as a cylindrical mold with a depth of 0.5 mm and diameters varying from 2 

mm to 4 mm. The molds were printed in PlasCLEAR v2 resin using an Asiga Max 27 printer (Asiga, 
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Australia) with a step size of 50 µm (in the Z-plane). A precursor solution containing polyethylene glycol 

diacrylate (molecular weight 700, Merck, Germany) and 3-sulfopropyl acrylate (Merck, Germany) at a 1:1 

molar ratio was prepared in distilled water at 10% wt/vol, with 2-hydroxy-2-methylpropiophenone used as 

a photoinitiator at a 1:35 photoinitiator to monomer ratio. The precursor solution was added to the 

cylindrical molds in the template, which was placed at −20 °C for 30 minutes. A hand-held UV lamp with 

two 15 W bulbs was then placed in the freezer to irradiate the filled templates for two minutes, polymerizing 

the monomers to a polymer network. The formed cryogels were removed from the template and washed 

three times in 10 mL of ethanol, with each wash lasting for at least one hour. The remaining ethanol was 

then removed and the cryogels were left to dry under vacuum at room temperature and stored dry at room 

temperature until use.

Human post-mortem organotypic brain slice cultures

HPMB-OSCs were obtained and cultured based on previously published work [32]. Briefly, collected tissue 

blocks were mounted on a Vibratome (Leica VT1000S, Germany) containing ice-cold Hibernate-A 

(Thermo Fisher, A1247501, US) supplemented with 1% penicillin-streptomycin and 2.5 µg/ml 

Amphotericin B, and 400 μm-thick slices were cut perpendicularly to the cortical surface. Randomly 

selected slices were immediately fixed in 4% paraformaldehyde (PFA) for 24–48 h and used for the control 

measurements of day-in-vitro (DIV) 0. The remaining slices were transferred onto semi-permeable 

membrane inserts (Merck-Millipore, PICM0RG50, Germany) in six-well culture plates containing 1 ml of 

slice culture medium, which consisted of 50% Minimum Essential Medium (Thermo Fisher, 32360026, 

US), 25% Earle’s Balanced Salt Solution (Thermo Fisher, 24010043, US), 25% heat-inactivated horse 

serum (Thermo Fisher, 26050088, US) supplemented with 1% GlutaMAX-I (Thermo Fisher, 35050038, 

US), 1% penicillin-streptomycin, 1.25 µg/ml Amphotericin B, and 2.6 mg/ml D-Glucose (45% in dH2O; 

Sigma-Aldrich, G8769, Germany).

At DIV 0 (i.e. before culturing conditions), 5, 9, 13 and 20, slices were fixed with 4% PFA for 24–48 hours 

and stored until further processing on 0.05% sodium azide in PBS at 4 ºC. Slices were either embedded in 

paraffin or frozen depending the experiment. Slices used for assessing cyto- and myeloarchitecture during 

the culturing period were paraffin-embedded and sliced into 5 μm-thick sections using a microtome (Leica 

Biosystems, Germany). Slices used for Nile Red spectroscopy and for assessing drug delivery effects were 

cryoprotected overnight in 10% (w/v) sucrose (Sigma-Aldrich, 1604, Germany) solved in PBS at 4 ºC. Each 

slice was then placed over a 3×3 cm steel platform and enclosed within a modified Tissue‑Tek® Cryomold 

(Sakura Finetek, 62534-25, 25×20×5 mm, US) from which the base had been removed, leaving only the 

four lateral walls as a scaffold. The steel plate was then placed over crushed dry ice and Optimal Cutting 
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Temperature (Cell Path, 361603, UK) was rapidly added, allowing to quickly and uniformly freeze and 

embed the tissue in a flat orientation while preserving the culture plane. Slices were then sectioned parallel 

to the culture plane using a cryostat (Leica Biosystems, Germany) into 25 or 20 µm-thick sections (for Nile 

Red spectroscopy and drug delivery assessment, respectively) and mounted on Superfrost™ Plus slides 

(Menzel, 6319483, Germany).

LPC administration: Cryogels were sterilized with 95% ethanol and desiccated prior to use by drying at 

room temperature inside a sterile biosafety cabinet. Subsequently, cryogels were rehydrated with either egg 

yolk-derived LPC (10 or 15 mg/ml in PBS, Sigma-Aldrich, L4129, Germany) or sterile PBS. At DIV 7, 

LPC- and PBS-loaded cryogels were carefully placed onto the subcortical WM region of the brain slices at 

positions equidistant from the adjacent grey matter (GM), using sterile forceps, ensuring maximum distance 

between individual gels. After 18 h, designated as day post-lesion (DPL) 0, all gels were carefully removed 

using forceps, and the culture medium was refreshed. At DPL 3, slices were fixed, cryoprotected, frozen, 

embedded, and sectioned as indicated above.

For fluorescent LPC delivery, 3 mm-diameter cryogels were loaded with a freshly prepared mixture 

consisting of 10 mg/mL LPC solution in PBS, in which 15% (w/w) of the LPC was BODIPY-labeled (Top 

Fluor® LPC, Avanti Polar Lipids, US). Gels were loaded with 10 µL, i.e. the determined minimum 

reconstitution volume for 3 mm-diameter cryogels. For bath LPC application, freshly prepared culture 

medium containing 1 mg/mL LPC with 15% BODIPY-labeled LPC was used. After 18 h, gels were 

removed if applicable, and medium was refreshed. Slices were fixed either immediately (i.e. at DPL 0) or 

at DPL 3, subsequently cryoprotected, frozen and embedded, and cut perpendicularly to the vibratome 

slicing plane into 20 µm-thick slices.

Nav1.6 channel agonist β-scorpion toxin Cn2: Using the same procedure described above, synthetic, single 

chain β-scorpion neurotoxic peptide (STC-060, Alomone Labs, US) was dissolved in ddH20 and loaded 

into desiccated 2 mm-diameter cryogels to a final concentration of 140 nM [36] with 2.5 µL total fluid, i.e. 

the determined minimum reconstitution volume for 2 mm-diameter cryogels. At DIV 7, PBS- and Cn2-

loaded cryogels were applied over the WM of HPMB-OSCs for 12 h, and slices were fixed in 4% PFA for 

8 h after removal of cryogels.

Nile Red spectroscopy

Nile Red (9-(diethylamino)-5H-benzo[a]phenoxazin-5-one, Sigma Aldrich, 72485, Germany) was prepared 

at 5 mM concentration in DMSO and stored at 4 °C. To assess the nature of Nile Red solvatochromism, 
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Nile Red was dissolved in several solvents with varying dielectric polarities in glass capillaries and excited 

with 445 nm. Emission spectra were recorded following excitation with a 445 nm laser.

For biological specimens, Nile Red was diluted to a final concentration of 30 µM in PBS. Fixed-frozen 25 

µm tissue sections were stained with Nile Red for 10 min and subsequently rinsed for 5 min in PBS. The 

stained tissue sections were then submerged in PBS solution on a glass microscope slide and sealed with 

silicon grease to enable imaging on an inverted microscope. The procedure for Nile Red spectroscopy was 

carried out based on a previously published protocol [39]. All images were collected following excitation 

with a 445 nm laser. Spectral fluorescence images were recorded using an inverted Nikon A1R spectral 

confocal microscope equipped with a Plan Apo VC 20× objective (0.75 NA, Nikon, Japan). Spectrometer 

resolution was 10 nm with 26 channels ranging between 490 nm and 750 nm. All spectra were interpolated 

to 400 data points using cubic splines, and each spectrum was then normalized for comparison and spectral 

decomposition using ImageTrak image analysis software (http://stysneurolab.org/imagetrak/). For 

visualization of multichannel spectral images, “true color” renditions were rendered to approximate what 

the naked eye would see if looking at the samples during microscopy. For spectral decomposition, two 

bracketing basis spectra were used to define the minimum and maximum polarity values represented by the 

most blue- and most red-shifted spectra, respectively. To generate pseudocolor images, a nonlinear 

transformation algorithm assigned a numerical index between 0 and 1 depending on the fit of a given pixel 

to the pair of bracketing reference spectra. This pixel was then assigned a pseudocolor ranging from violet 

(index 1) to red (index 3); nonpolar features in the image are therefore represented by cooler colours, while 

more polar elements appear in hotter colours. The polarity index was defined as this numerical index 

produced by the nonlinear fitting. To select myelin for data analysis, images were acquired at 5× to 10× 

zoom and myelin was based on intensity after manually segmenting out autofluorescent structures in order 

to minimize influence of autofluorescence on spectral analysis.

Histology and immunohistochemistry

Luxol Fast Blue (LFB): Paraffinized sections were first placed on a heating plate for 45 minutes at 57 ºC, 

incubated with 3×100% xylene substitute for 10 minutes and 2×100% ethanol for 5 minutes per step. 

Paraffin-embedded and frozen sections were incubated with filtered 0.1% LFB (Gurr, Electron Microscopy 

Sciences, Hatfield, PA, USA) solved in 96% ethanol overnight at 56 ºC. Subsequently, sections were briefly 

rinsed in 96% ethanol and ultrapure water and differentiated in 0.05% lithium carbonate and 70% ethanol 

until the WM and GM could be macroscopically distinguished. Finally, sections were rinsed with ultrapure 

water, dehydrated in an ethanol (2×96% ethanol, 2×100% ethanol, 2 minutes per step), and xylene series 

(3×100% xylene, 2 minutes per step) and mounted with Entellan (Merck, Germany).
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Immunohistochemistry: For immunohistochemistry, slices were deparaffinized by placing them on a 

heating plate at 57ºC for 45 minutes and incubating them for 5 minutes each with 3×100% xylene substitute, 

2×100% ethanol, and 90% to 80% and 70% ethanol. Antigen retrieval was conducted for 30 minutes in 

Tris/EDTA buffer pH = 9 in a steam cooker, after which the slices were cooled to room temperature for 

approximately 40 minutes. Fixed-frozen slides underwent an antigen retrieval phase by placing them in 

Tris-EDTA for 15 minutes in a steam cooker and subsequently cooled down to room temperature for 15 

minutes. The following steps were conducted in a similar fashion for both paraffin-embedded and frozen 

sections. Sections were incubated with 3% normal donkey serum (Jackson, 017-000-121, US) in TBS 

containing 0.5% Triton X-100 (TBS-T, Merck, 8603, Germany) for 30 minutes. For the Nav1.6/CASPR-

antibody, incubations with primary anti-Caspr1 antibody was preceded by endogenous peroxidase blocking 

using 1% H2O2 (Merck, 1.07209.1000, Germany) for 30 minutes. All sections were incubated overnight at 

4 °C with the corresponding primary antibodies (Table 2), which were all diluted in 3% normal donkey 

serum in 0.5% TBS-T. Then, sections were washed 3×5 minutes with TBS, and subsequently incubated 

with appropriate Alexa Fluor®-conjugated secondary antibodies (Table 2), washed 3×5 minutes in TBS in 

the dark, counterstained with DAPI (Sigma, D9542, Germany) 1:1000 in TBS for 5 minutes, briefly washed 

with TBS, and mounted with Mowiol-Dabco (Sigma, 81381 and 290734, Germany). In the case of slides 

incubated with anti-NeuN, autofluorescence was quenched by incubating the slides with Sudan Black B 

(0.1% in 70% ethanol) for 10 min, followed by a 2×5 min wash with ultrapure water.

Table 2. List of antibodies, dilutions, and suppliers.

Primary antibodies
Antibody Supplier (Cat #) Dilution Incubation time and Ta

NeuN Milipore (MAB377) 1:200 O/n, 4ºC

Olig2 ProteinTech (13999-1AP) 1:400 O/n, 4ºC

Contactin associated protein 1 (Caspr1) R&D Systems (AF7548) 1:50 O/n, 4ºC
Sodium channel protein type 8 subunit 
alpha (Nav1.6) Life Technologies (ASC-009) 1:100

O/n, 4ºC

Myelin proteolipid protein (PLP) Cell Signalling (28702S) 1:80 O/n, 4ºC
Pan-axonal anti-neurofilament cocktail 
(SMI-312) Biolegend (837904) 1:100

O/n, 4ºC

Secondary antibodies
Anti-sheep Alexa 647 Invitrogen (A21448) 1:400 1 h, RT
Anti-rabbit Alexa 488 Molecular probes (A21206) 1:400 1 h, RT
Anti-mouse Alexa 546 Molecular probes (A10036) 1:400 1 h, RT
Envision anti-rabbit DAKO (K4001) Undiluted 30 min, RT

Tyramid Alexa 596 Invitrogen (B40957)

1:100 with 
0.0015% 
H2O2 20 min, RT

O/n=overnight. RT=room temperature.
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Image acquisition: For bright-field image analysis, images were acquired with whole-slide scanner (Vectra 

Polaris, 20× objective, Akoya Bioscience, US). For assessing cellular density, anti-NeuN treated sections 

were imaged with an OLYMPUS VS200 slide scanner with a numerical aperture of 0.4 using a 10× 

objective (DAPI filter: Ex = 378 nm, Em = 432 nm, exposure = 10 ms; FITC: Ex 474 nm, Em 515 nm, 

exposure = 1.00 s; Cy3 for AF; Ex 554, Em 595 nm, exposure = 500 ms). Nodes of Ranvier, and axonal 

and myelin signal after LPC and Cn2 treatment were imaged using a Leica TCS SP8 (Leica Microsystems, 

Germany) and an HC PL APO CS2 40× oil objective lens. Fluorophores were excited at their respective 

optimal wavelengths using a tuneable pulsed white laser and signals were detected by gated hybrid detection 

using standard mode with pixel sizes 101 nm (nodes of Ranvier) or 142.05 nm (myelin). HPMB-OSCs WM 

was imaged in tiles of ~1050 μm2 per treatment condition per slide (myelin) or in Z-stacks of 4 μm (step 

size 0.5 μm) at ~1000 μm2 per slide (nodes of Ranvier). Images were background subtracted and when 

applicable maximum intensity projections were created using ImageJ Fiji (National Institute of Health, US).

Image analyses:

Quantification of Neun+ Cells: Total cell numbers and neuronal fractions were determined using DAPI 

staining and NeuN immunoreactivity. Regions of interest (ROIs) were defined within GM, including equal 

proportions of all cortical layers. ROIs were extracted and processed using Cellpose for automated 

segmentation and counting. Prior to segmentation, images underwent background subtraction and median 

filtering to reduce noise and improve signal quality. Total cell counts were derived from DAPI-positive 

nuclei, while neuronal counts were determined based on NeuN-positive (NeuN⁺) cell bodies. The neuronal 

fraction was calculated as the ratio of NeuN⁺ cells to total DAPI-positive cells within each ROI.

Quantification of Olig2+ Cells: Cell nuclei were segmented using Cellpose (v4.1.1) based on DAPI signal. 

Segmented nuclei were exported and used as the basis for subsequent classification analyses. To exclude 

segmentation artifacts and cellular debris, objects with an area smaller than 200 pixels² were removed prior 

to analysis. Classification of oligodendrocytes was performed in ilastik (v1.4.2) using a supervised pixel-

classification workflow. Representative examples of Olig2-positive (Olig2+) and Olig2-negative (Olig2-) 

nuclear labelling were manually annotated to train the classifier. Training was iteratively refined until a 

clear separation between positive and negative nuclei was achieved and visually confirmed across 

representative images from all experimental groups. For each segmented nucleus, the fraction of pixels 

classified as Olig2+ was determined. Cells were classified as oligodendrocytes when at least 50% of the 

pixels within the corresponding nuclear segmentation were classified as Olig2+. Cells with less than 50% 

Olig2+ pixels were classified as Olig2-. For each image, the total number of nuclei, the number of Olig2+ 

cells, the fraction of Olig2+, the imaging area, total cell density (cells/mm²), and Olig2+ cell density (Olig2+ 
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cells/mm²) were calculated. Cell densities were determined by dividing the number of detected cells by the 

analysed image area after exclusion of manually defined regions not included in the analysis.

Nodes of Ranvier: Node density was calculated using Nav1.6-positive puncta as a proxy for nodes in a 

subset of cases with comparable background fluorescence. Using max-projected micrographs, nodes 

bilaterally flanked by Caspr1-positive paranodes were traced with the segmented line function in ImageJ 

and spline-interpolated and re-mapped to virtually straighten the axon on a pixel-intensity-based fashion 

[14]. A total of 13–165 axonal segments encompassing the nodal and paranodal regions we traced per 

HPMB-OSC, with n=3–6 cases per DIV. Nine consecutive, horizonal intensity profiles of Nav1.6 and 

CASPR1 signal were generated and averaged per axonal segment. The start and end points of node and 

paranodes were determined using the half-maximum values of Nav1.6 and Caspr1 signal, respectively, and 

were subsequently used to calculate nodal length and the extent of Caspr1 intrusion into the node.

LPC: Axonal segments running in parallel to the sectioning plane and without signs of ongoing overt 

degeneration were traced and straightened as described above. Axons were selected from areas underneath 

the PBS- and LPC-loaded cryogels area in a blinded manner. Consecutive line scans perpendicular to the 

axonal axis were made to assess the myelination profile, using a custom-made script. For each condition 

(PBS or LPC), approximately 100 axons were traced from three independent cases, yielding total traced 

lengths of 882.1 µm and 951.1 µm for the LPC and PBS conditions, respectively.

Myelin after Cn2: Similar to the analysis of the nodes of Ranvier, myelin blistering after Cn2 treatment was 

assessed by tracing and isolating axons using ImageJ’s ‘Segmented line’ and ‘Straighten’ functions to create 

separate TIFFs for each image. All axons per case and condition were then aligned in a composite image 

for visual scoring of myelin swelling and blistering by three individuals. The swelling width was measured 

using a line scan perpendicular to the axonal axis at the point of maximum swelling diameter.

Electron microscopy

Organotypic slices from two patients (OS07 and OS19) were fixed in 4% PFA for 24 h and stored in PBS 

until processing for electron microscopy. Samples were subsequently post-fixed in 3% glutaraldehyde, 3% 

PFA (Electron Microscopy Sciences; 16538-07) over the weekend. Small blocks from the subcortical WM 

were dissected and oriented perpendicularly to ensure that myelinated fibers departing from the GM into 

the WM were sectioned orthogonally. Before embedding, samples were post-fixed with 1% osmium 

tetroxide (OsO4, Electron microscopy sciences, Hatfield, PA, USA) for one hour. Subsequently, samples 

were dehydrated in an alcohol series from 70% until 100% and last steps in 1,2-propylene oxide (Supplier: 

Sigma-Aldrich, manufactured by Merck, Darmstadt, Germany) then 1:1 ratio 1,2-propylene oxide:epon 
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(LX-112 resin Ladd research, Williston, VT, USA) and finally embedded in full epon. Ultrathin (60 nm) 

epon sections were generated, using a diamond (Diatome) knife on a Leica Ultracut UC7 microtome, and 

collected on 100 mesh cupper grid (Aurion), counterstained with uranyl acetate and lead citrate (Electron 

Microscopy Sciences; 22410). All samples were examined and photographed using a Jeol JEM 1400 Flash 

transmission electron microscope with Xarosa camera and Radius software (EMSIS).

Statistical analysis

For comparisons of multiple time points, a one-way analysis of variance (ANOVA) was performed, 

followed by Dunnett’s post hoc test to compare each time point against baseline (DIV 0). For pairwise 

comparisons between treatment conditions, a paired two-tailed t-test was used. For blister width assessment, 

since multiple measurements were made per donor, a linear mixed-effect model correcting for within-donor 

measurements was applied using the “lme4” and “lmerTest” R studio packages. Statistical significance was 

defined as p < 0.05. Analyses were conducted using GraphPad Prism 10.3.0 (GraphPad Software, Boston, 

US) and R Studio.

Results

Cellular density decreases in HPMB-OSCs are regionally distinct

We first assessed whether HPMB-OSCs retain the cytoarchitectural features of viable cortical tissue over 

time. Rapidly excised cortical blocks were sectioned into 400-μm slices and cultures on semi-permeable 

inserts for up to 20 DIV (Fig. 1a). Tissue blocks were obtained from the medial-frontal gyrus of donors 

without gross pathology namely demyelination and overt inflammatory activity (Table 1). Despite different 

diagnosis at time of death, no distinct clustering or trends on tissue viability were observed based on 

MS/non-MS status.

Cytoarchitecture and neuronal density were evaluated in sectioned cultures immunolabelled for NeuN and 

counterstained with DAPI (Fig. 1b). In the GM, total density progressively decreased during the culture 

period (Fig. 1d). Cortical layering remained distinguishable at early timepoints (e.g., DIV 5; Fig. 1c), but 

cell densities fell significantly at later stages, indicating progressive cellular loss. The proportion of NeuN-

positive neurons relative to total GM nuclei also changed over time, with a marked increase at DIV 20 

compared to baseline (Fig. 1e, f), suggesting that neurons are relatively more preserved than non-neuronal 

cells during prolonged culture. Together, these findings demonstrate that HPMB-OSCs undergo a time-

dependent reduction in overall cell density in the GM, with relative sparing of neuronal cells.
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Fig. 1 Cellular density in HPMB-OSCs in grey matter decrease slowly over time

a. Schematic overview of HPMB-OSC preparation. A 1.5 × 1.5 cm cortical tissue block (superior or 

middle frontal gyrus) was dissected at autopsy, sectioned at 400 μm, and cultured on semi-

permeable inserts.

b. Confocal micrograph of a whole HPMB-OSC at DIV 5. Scale bar: 2.5 mm (overview), 500 μm 

(inset).

c. Confocal image of cortical GM (region indicated in B) showing preserved cortical layering at DIV 

5. Scale bar: 500 μm.

d. Cellular density dynamics in GM during the culturing period (N = 4–6 slices per timepoint). GM 

exhibited a significant overall reduction in cellular density across time (F(4, 19) = 8.69, p < 0.001 

(one-way ANOVA)). Post hoc Dunnett’s test showed decreases relative to DIV 0 at: DIV 5: p = 

0.025 (ns), DIV 9: p = 0.011 DIV 13: p = 0.001, DIV 20: p < 0.001.

e. NeuN-positive cells in GM during the culturing period (N = 3–6 slices per timepoint). GM 

exhibited a significant overall reduction in cellular density across time (F(4, 15) = 3.73, p = 0.027; 

one-way ANOVA). Post hoc Dunnett's test showed significant decreases relative to DIV 0 at: DIV 

5: p = 0.049, DIV 9: p = 0.025, DIV 13: p = 0.094 (ns), DIV 20: p = 0.060 (ns).
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f. Fraction of NeuN-positive cells relative to total GM DAPI-positive nuclei during culturing (N = 3-

6). NeuN fraction changed significantly over time (F(4, 15) = 5.52, p = 0.0076 (one-way ANOVA)). 

Post hoc Dunnett’s test revealed a significant increase at: DIV 20 vs. DIV 0: p = 0.0038.

Relative preservation of oligodendroglia and myelin fibres in HPMB-OSCs throughout culture

Next, we assessed WM cellular and oligodendroglia density in sectioned cultures immunolabelled for Olig2 

and counterstained with DAPI (Fig. 2a). WM exhibited a similar overall decline in total cellular density 

(Fig. 2b). The absolute number of Olig2-positive oligodendroglia showed a marked decrease during the 

first five days of culture, but remained relatively stable thereafter (Fig. 2c). The proportion of Olig2-positive 

oligodendroglia relative to total WM nuclei remained relatively stable over time (Fig. 2d), suggesting 

oligodendroglia resilience in this model.

Next, we assessed macroscopic myelin integrity throughout the culturing period using PLP 

immunohistochemistry and LFB staining. Myelin architecture in the cortex of HPMB-OSCs was largely 

preserved at DIV 5, although myelin swellings were abundant in the WM, which may reflect intrinsic tissue 

pathology rather than culture-induced changes (Fig. 2e). Individual myelinated fibres projecting into the 

WM remained prevalent throughout the entire culture period (Fig. 2f, g). However, the boundary between 

GM and WM gradually became less distinct over time (Fig. 2f, g), suggesting partial loss or disorganization 

of WM myelin. To further investigate myelin integrity at the ultrastructural level, we performed 

transmission electron microscopy on WM regions from two patients across four timepoints. While small-

diameter myelinated axons often exhibited compact, preserved lamellae even at late stages (DIV 20), larger 

axons more frequently displayed myelin pathology, characterized by lamellar unravelling and extensive 

vesiculation (Fig. 2h).
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Fig. 2 Relative preservation of myelin structure in HPMB-OSCs throughout the culturing period

a. Representative confocal micrographs of HPMB-OSC stained with Olig2 and counterstained with 

DAPI at day in vitro 0 and 9. Scale bar: 100 μm.

b. Cellular density dynamics in WM during the culturing period (N = 2–5 slices per timepoint). WM 

exhibited a significant overall reduction in cellular density across time (F(4, 12) = 7.39, p = 0.003; 

one-way ANOVA). Post hoc Dunnett's test showed decreases relative to DIV 0 at: DIV 5: p = 

0.026, DIV 9: p = 0.071 (ns), DIV 13: p = 0.042, DIV 20: p = 0.0008.

c. Olig2⁺ cell density dynamics in WM during the culturing period (N = 2–5 slices per timepoint). 

Olig2⁺ cell density exhibited a significant overall reduction across time (F(4, 12) = 13.74, p = 

0.0002; one-way ANOVA). Post hoc Dunnett's test showed decreases relative to DIV 0 at: DIV 5: 

p = 0.0005, DIV 9: p = 0.0042, DIV 13: p = 0.0026, DIV 20: p = 0.0001.

d. Fraction of Olig2-positive cells relative to total WM DAPI-positive nuclei during culturing (N = 3-

6).

e. Micrograph showing preserved macroscopic myelin integrity in cortex at DIV 5. Scale bar: 1 mm 

(overview), 100 μm (inset).
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f. High-magnification LFB-stained HPMB-OSC showing myelinated fibres (arrowheads) extending 

from GM into WM up to DIV 20. Scale bar: 100 μm.

g. High-magnification Proteolipid Protein (PLP)-immunolabelled section counterstained with 

Hematoxylin (H) showing GM-to-WM myelinated fibres (arrowheads) visible throughout culture.

h. Representative transmission electron microscopy micrographs of HPMB-OSCs WM showing 

relative myelin preservation around small axons (black arrowheads = small healthy myelinated 

axons, black arrows = small axons with partial lamella unravelling), disrupted myelin around large 

axons (white arrowheads), and lamellar unravelling, loose membranes and vesiculation (asterisk) 

throughout culture. Scale bar: 1 μm

To further investigate myelin health, we examined whether paranodal and nodal structures remained intact 

across the culturing period. Intact Nav1.6-immunoreactive nodes flanked by CASPR1-positive paranodes 

were observed from DIV 0 up to DIV 20 (Fig. 3a). The density of Nav1.6-positive nodal puncta decreased 

over time (Fig. 3b). While node length remained stable up to DIV 13, elongation of nodes became apparent 

at DIV 20 (Fig. 3c). This elongation, consistent with impaired axo-myelinic attachment at the paranodes, 

aligns with features of nodal disruption described in demyelinating conditions [2–4, 30]. We next quantified 

the degree of paranodal–nodal overlap at several DIVs. At DIV 0, the majority of nodes displayed no 

overlap between Nav1.6-positive nodal segments and Caspr1-positive paranodes, with only a small fraction 

exhibiting slight or moderate overlap (Fig. 3d). This distribution remained stable up to DIV 13. By DIV 

20, however, a shift toward increased overlap was observed, indicating displacement of nodal and paranodal 

proteins and suggesting progressive weakening of paranodal junctions with extended culture.
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Figure 3. Relative preservation of nodal and paranodal structure in HPMB-OSCs throughout the 

culturing period

a. Representative images of nodes of Ranvier (Nav1.6, red) and paranodes (CASPR1, cyan), with 

averaged intensity profiles across all traced segments. Scale bar: 5 μm.

b. Nav1.6-positive nodal puncta per 10,000 μm² across DIV 0–20 (individual points represent 

biological replicates available at timepoints). One-way ANOVA: F(4,17) = 4.073, p = 0.017; 

Dunnett’s post hoc vs DIV 0: DIV 5, p = 0.0062; DIV 20, p = 0.0429 (other comparisons not 

significant).

c. Cumulative distribution across DIV 0–20 (n = 3–6 cases per DIV, 13–165 nodes per case) shows 

elongation of nodal length at DIV 20.

d. Fraction of nodes exhibiting 0%, slight (0–20%), moderate (20–80%), or complete (>80%) 

paranodal overlap (defined as Caspr1+/Nav1.6+ double-positive length relative to total Nav1.6-

positive nodal length). Fisher’s exact test: DIV 0 vs DIV 5, 9, and 13 not significant; DIV 0 vs DIV 

20, p < 0.001.

Spectral analysis indicates stable WM tissue composition in HPMB-OSCs

To further assess the stability of HPMB-OSCs throughout culture, we employed Nile Red spectroscopy as 

a proxy for overall tissue lipid composition. Nile Red is a lipophilic fluorescent dye whose emission 
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spectrum shifts depending on the polarity of its microenvironment (Fig. 4a), allowing detection of 

compositional changes in biological tissues [39, 40]. Because GM and WM differ substantially in their 

lipid, protein, and water content —with WM being enriched in lipid-dense myelin and GM containing more 

water- and protein-rich cellular components—their spectral profiles are characteristically distinct, with GM 

exhibiting a more red-shifted emission wavelengths (Fig. 4b). This distinction was maintained up to DIV 

13, as visualized through pseudocolor polarity maps (Fig. 4c), indicating preservation of broad tissue 

composition. WM displayed a progressive red shift over time, which may reflect subtle myelin loss and 

expansion of extracellular water-rich spaces (Fig. 4c).

Given the high lipophilicity of Nile Red and its preferential localization to lipid-rich environments, we next 

assessed myelin compartment polarity using intensity-based segmentation of myelinated fibres. At DIV 0, 

GM myelin showed higher and more heterogeneous polarity than WM myelin (Fig. 4d, 4e), consistent with 

previous observations[39]. During culture, GM myelin polarity decreased, whereas WM polarity remained 

stable (Fig. 4d, 4e), suggesting overall preservation of WM myelin physico-chemical properties in HPMB-

OSCs during the culture period.

Fig. 4 Quantitative spectral analysis of HPMB-OSCs tissue composition with Nile Red 
solvatochromism
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a. Normalized Nile Red fluorescence emission spectra for solvents with different dielectric constants.

b. Normalized Nile Red fluorescence emission spectra for WM and GM at DIV 0 from four individual 

cases.

c. Micrographs of whole cryosectioned HPMB-OSCs stained with Nile Red, displayed in true colour 

(top) and pseudocolor (bottom) at DIV 0, 5, and 13. Pseudocolor contrast reflects polarity of the 

Nile Red microenvironment, with warmer colours indicating more polar environments and cooler 

colours indicating more apolar environments. Scale bar: 2500 μm.

d. High-magnification pseudocolor images of myelinated axons in WM and GM regions at DIV 0, 5, 

and 13. Scale bar: 15 μm.

e. Mean polarity index derived from Nile Red spectra of segmented myelin in GM and WM. 

Individual datapoints represent cultured slices from different cases. Comparisons between GM and 

WM polarity at DIV 0: unpaired t-test with Welch’s correction, WM = 1.56 ± 0.09, GM = 2.31 ± 

0.47; t(3.2) = 3.15, p = 0.047. Changes across time: GM, Kruskal–Wallis H = 5.60, p = 0.048; WM, 

Kruskal–Wallis H = 0.500, p = 0.815.

Demyelination by focal administration of LPC in HPMB-OSC white matter

Previously, bath delivery of LPC to HPMB-OSCs was shown to elicit myelin swelling and engagement of 

microglia/macrophages in myelin phagocytosis, although demyelination was not reported [32]. Bath 

application of LPC or other compounds introduces two limitations: (1) the entire slice is exposed, and 

responses to the drug can differ depending on the precise location within the slice (e.g., subcortical vs. 

deeper WM), and (2) individual slice cultures are required for treated and control conditions, increasing 

tissue usage and inter-culture variability. In contrast, cryogel-based focal delivery enables sharply localized 

insults surrounded by NAWM, more closely mimicking focal MS pathology than bath application. 

Therefore, we used cryogels to focally deliver LPC or vehicle (PBS) to the same HPMB-OSC slice (Fig. 

5a).

To evaluate LPC penetration depth, cryogels were loaded with LPC and fluorescently labelled LPC (15% 

w/w) and placed onto WM regions for 18 h. Bath application resulted in diffuse but uneven LPC distribution 

immediately after treatment, with substantially reduced fluorescent-LPC signal at DPL 3 (Fig. 5b, top). In 

contrast, cryogel-mediated delivery produced sharply confined lateral spread and deep axial penetration 

through the slice thickness, with minimal lateral diffusion at both DPL 0 and DPL 3 (Fig. 5b, bottom). 

LFB-stained cryosections showed that PBS-loaded cryogels did not induce detectable macroscopic 

demyelination at DPL 3 (Fig. 5c), whereas LPC-loaded cryogels produced marked, spatially restricted 

demyelination, marker by loss of LFB-intensity beneath the gel. Confocal imaging confirmed this, revealing 

intact axons but substantial PLP loss directly under LPC-loaded gels at DPL 3 (Fig. 5d), while adjacent 
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areas and PBS-treated regions maintained PLP signal (Fig. 5d). Tracing of morphologically intact axons 

and corresponding line scans demonstrated clear myelin signal surrounding axons in PBS-treated areas, 

whereas PLP signal was absent in axons beneath LPC-loaded gels (Fig. 5e),supporting successful induction 

of focal WM demyelination via topical cryogel-mediated LPC delivery.

Figure 5: Focal LPC delivery using cryogels induces focal white matter demyelination in HPMB-

OSCs.

a. Schematic overview of the experimental procedure. Cryogels loaded with LPC or PBS were placed 

onto WM of HPMB-OSCs for 18 h, with LPC penetration and demyelination assessed at DPL 0 

and DPL 3.

b. Confocal micrographs of HPMB-OSCs after LPC delivery via bath application (top; 1 mg/ml LPC, 

15% TopFluor LPC) or a 3-mm cryogel (bottom; 10 mg/ml LPC, 15% TopFluor LPC) at DPL 0 

and DPL 3. Scale bar: 400 μm.
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c. Luxol Fast Blue staining at DPL 3 showing preserved staining under PBS-loaded cryogels and 

reduced staining under LPC-loaded cryogels (10 mg/ml), consistent with localized demyelination. 

Original and greyscale images shown.

d. Confocal micrographs of HPMB-OSCs treated with a 3-mm cryogel loaded with LPC (15 mg/ml) 

shows demyelination in the area treated with LPC gen and immediately adjacent WM. DAPI 

(yellow), SMI-312 (magenta), PLP (cyan). Small dashed outline indicates position of LPC gel. 

Scale bar: 250 μm and 50 μm (magnifications).

e. Average linescans of straightened axons from HPMB-OSCs (N = 3) at DPL 3 following treatment 

with LPC-loaded and PBS-loaded cryogels. Approximately 100 axons were traced per condition, 

spanning 882.1 μm (LPC) and 951.1 μm (PBS). Scale bar: 10 μm.

Nav1.6 channel agonist β-scorpion toxin Cn2 alters myelin integrity in HPMB-OSC

After confirming effective focal LPC-induced demyelination and previously observing neuronal activity at 

DIV 11 in HPMB-OSCs [32], we asked whether sodium channel activity could contribute to myelin damage 

and myelin blister formation in HPMB-OSCs. We previously observed myelin swelling in early stages of 

myelin damage and found that manipulation of sodium channels was able to influence myelin swelling fate 

[1, 24]. Because oligodendrocytes buffer ions to maintain homeostasis at the axon–myelin interface [22, 

25–27], we sought to induce myelin swelling by increasing axonal Na⁺ influx. To this end, we applied the 

β-mammal neurotoxic Nav1.6 channel agonist Cn2, which induces persistent sodium influx through Nav1.6 

channels at the nodes of Ranvier [36].

At DIV 7, HPMB-OSCs were treated with Cn2- and PBS-loaded cryogels for 12 h, and myelin and axonal 

integrity were examined eight hours later by confocal imaging of PLP- and SMI-312–immunolabeled slices 

(Fig. 6a, b). Non-cultured slices (DIV 0) were also immunolabeled to assess axo-myelinic structures. 

Myelinated axons lacking overt degeneration were traced in PBS- and Cn2-treated regions and were scored 

for myelin blisters (local detachments of myelin from the axon) and blebs (combined axonal and myelin 

swelling; Fig. 6c). Baseline blister and bleb frequencies varied across donors and did not increase during 

culture (Fig. 6d, e). Likewise, no differences were observed between PBS- and Cn2-treated regions in the 

number of blisters or blebs per axonal millimetre, indicating that the selected dose and exposure duration 

of Cn2 did not induce new swellings. Interestingly, blister width was greater in Cn2-treated regions than in 

PBS controls (Fig. 6f), suggesting that perturbation of sodium homeostasis subtly alters myelin structural 

integrity without increasing the number of axo-myelinic detachments.
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Fig. 6 Effect of Nav1.6 channel agonist β-scorpion toxin Cn2 on myelin and axon integrity

a. Schematic overview of the experimental procedure. Cryogels loaded with Cn2 were placed onto 

WM of HPMB-OSCs for 12 h, and myelin integrity was assessed eight hours later.

b. Representative images from Cn2- and PBS-treated regions stained for DAPI (yellow), SMI-312 

(magenta), and PLP (cyan). Scale bar: 50 μm.

c. Representative examples of a normally myelinated axon (top), an axon with a myelin blister 

(middle), and an axon with axonal and myelin swelling (bottom). Scale bar: 5 μm.

d. Number of axo-myelinic swellings (blebs) per axonal mm at DIV 0 and under PBS- and 140 nM 

Cn2-loaded gels. Biological replicates n = 3; mean analysed axonal length = 2.5 mm (range 1.6–

4.4 mm). Paired t-test: DIV 0 vs PBS, t(2) = 1.06, p = 0.40; PBS vs Cn2, t(2) = 0.63, p = 0.58.

e. Number of myelin blisters per axonal mm at DIV 0 and under PBS- and 140 nM Cn2-loaded gels. 

Biological replicates n = 3; mean analysed axonal length = 2.5 mm (range 1.6–4.4 mm). Paired t-

test: DIV 0 vs PBS, t(2) = 0.44, p = 0.70; PBS vs Cn2, t(2) = 2.5, p = 0.13.

f. Blister width at DIV 0 and under PBS- and 140 nM Cn2-loaded gels. Symbols represent the mean 

width for each individual case, while boxplots show the overall distribution of raw data. 

Biological replicates n = 3; total blisters measured: 187 (DIV 0), 174 (PBS), 246 (Cn2). Mean ± 

SD: DIV0: PBS 3.03 ± 0.95 μm; PBS 4.35 ± 1.51 μm, Cn2 4.81 ± 1.56 μm. Linear mixed-effects 

models with 'donor case' as a random intercept: PBS vs. baseline: 1.30 μm ± 0.14 µm, t(602.1) = 

9.07, p < 0.001; Cn2 vs. baseline: 1.72 µm ± 0.13 µm, t(603.2) = 12.88, p < 0.001; Cn2 vs. PBS: 

0.42 µm ± 0.15µm, t(417.4) = 2.76, p = 0.006.
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Discussion

While organotypic slice cultures of rodent brain have proven to be a useful tool for the modelling of 

pathological events in neuropathology, applying the same technology for human brains is still challenging. 

Here we report on the suitability of HPMB-OSCs for the experimental study of myelin dynamics. We 

assessed the viability of human slices with particular emphasis on evaluating the preservation of myelin 

integrity throughout the culturing period. Additionally, we demonstrate the ability to induce focal and subtle 

myelin damage ex vivo by using cryogel-mediated delivery of LPC to produce localized demyelination and 

the Nav1.6 agonist Cn2 to induce myelin blister enlargement.

We found that untreated HPMB-OSCs present gradual cellular loss, which is most pronounced during the 

first culturing days, putatively triggered by post-mortem hypoxia or axonal transection occurring during 

autopsy and slice preparation. In line with this, a previous study reported a reduction in electrophysiological 

pyramidal neuron signatures when post-mortem delay exceeded five hours [15]. Despite gradual cell loss 

in both the GM and WM, the neuronal and oligodendroglial compartments, identified by NeuN and Olig2 

immunolabelling, respectively, remained relatively stable over time, indicating that these populations are 

more resilient than other glial cells.

Cellular demise in the WM was accompanied by apparent diffuse myelin loss, as indicated by the 

progressive fading of the GM and WM demarcation in LFB- and PLP-stained sections. Using electron 

microscopy, we observed that larger myelinated axons displayed pronounced lamella unravelling and 

vesiculation, whereas smaller-diameter axons remained relatively preserved over the culturing period. This 

vulnerability may stem from the fact that larger, long-range axons are more susceptible to transection during 

tissue slicing. Conversely, smaller-diameter axons may represent local short-range connections, such as U-

fibers, which are less likely to be resected during tissue preparation and therefore remain structurally viable. 

To further asses myelin integrity, we assessed nodal and paranodal structures across the culturing period. 

Node of Ranvier density significantly decreased by DIV 5, but stabilized thereafter, likely reflecting rapid 

degradation of non-viable axons during the acute phase of the culture. Structural changes in nodal 

organization that might precede this loss, such as node lengthening or node-paranode overlap in these dying 

axons, were likely missed because samples were not collected during the first five days. Myelinated axons 

that were spared did not exhibit nodal and paranodal abnormalities, as indicated by the stable nodal length 

and lack of nodal intrusion into the paranodal region, with exception of DIV 20, where a clear increase in 

nodal length and nodal overlap was observed. Overall, these results indicate that myelin structural integrity 

is retained during the post-acute stage of this model, particularly around small-diameter axons.
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Spectral analysis of myelin with Nile Red solvatochromism revealed higher baseline polarity of GM myelin 

compared with WM myelin, aligning with previous observations [39] and likely reflecting regional 

variations in myelin lipid composition [23]. Interestingly, WM myelin polarity remained stable throughout 

the culturing period, suggesting relative stability of its molecular constituents. In contrast, GM myelin 

polarity significantly decreased during culturing. This disparity may be driven by regional differences in 

lipid turnover or susceptibility to insults. Recent animal studies show that myelin lipid half-lives are longer 

in corpus callosum than in the cerebral cortex [16]. This faster metabolic processing in GM could explain 

why GM myelin polarity shifted while WM polarity remained unchanged. Furthermore, studies using 

cultured oligodendrocytes from resected human tissue demonstrate that oligodendrocytes from GM are 

more susceptible to metabolic stress than those from WM [5]. Therefore, cues from postmortem agony, 

tissue resection, and slice culturing likely damage GM oligodendrocytes more than their WM counterparts, 

ultimately altering GM myelin composition, as reflected by shifting Nile Red polarity during culture.

A few important distinctions were made from the original protocol for the acquisition of HPMB-OSC [32]. 

Importantly, our adaptation assumes a less strict post-mortem delay, included thicker slice cultures, and 

utilized antimicrobial prophylaxis after autopsy and during vibratome slicing. Although these modifications 

may influence tissue viability and cellular morphology, we believe these deviations have limited impacts 

and do not affect the generalizability of the protocol and its adaptations.

In this study, we utilized HPMB-OSC generated from tissue blocks devoid of gross pathology, derived from 

both non-MS individuals and individuals with MS. For the MS cohort, tissue was specifically sampled from 

areas devoid of lesions, i.e., normal-appearing white and grey matter. Although we acknowledge that 

normal-appearing MS tissue is not truly normal due to underlying diffuse pathology, we did not observe 

any clustering of MS versus non-MS data points when evaluating tissue viability and structural integrity 

throughout the culture period. This suggests that the adverse effects of ex vivo slicing and culturing 

conditions considerably outweigh the changes associated with the diagnosis-specific pathology present at 

the time-of-death, though this warrants further in-depth investigation in future studies.

The data pertaining HPMB-OSC integrity do not allow us to definitively distinguish between cell death and 

changes in spatial distribution, positing a limitation to the study. Nonetheless, human postmortem slices do 

not undergo the thinning or loss of opacity typical of rodent-derived organotypic brain slice cultures, 

suggesting that structural reorganization is unlikely. However, we cannot exclude the possibility of neuronal 

circuit-level reorganization [37]. While we acknowledge that certain cell types, particularly microglia, can 

adopt migratory and chemotactic phenotypes ex vivo [6], potentially resulting in local redistribution, 

neurons and oligodendrocytes in adult central nervous system tissue are not expected to undergo substantial 
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migration. Therefore, we ultimately attribute the observed cellular loss to cell death, and the reduced 

distinction between GM and WM regions primarily to changes in myelin integrity, rather than to changes 

in cell migration or architecture.

To minimize precious tissue expenditure, variability and mimic focal pathology we utilized cryogels 

overlayed on individual HPMB-OSCs for precisely targeted agent delivery. Previously, cryogels have been 

used to deliver LPC and lipopolysaccharide to mouse brain tissue preparations by placing them adjacent to 

organotypic slices [9, 44]. Here, we used cryogels which were negatively charged by partial sulphonation, 

which reduces their interaction with cell membranes, thus overall reducing risk of adherence. In our hands, 

delivery of fluorescently-labelled LPC onto WM via cryogels yielded focal and complete LPC penetration 

with limited lateral diffusion. Using this approach, we observed completely denuded axons in human tissue 

three days after delivery of the demyelinating agent LPC. This effect was absent when cryogels were loaded 

with PBS, indicating that the weight of the cryogel is unlikely to induce mechanically-evoked 

demyelination, for example through stimulation of Piezo1 receptors [41]. As such, targeted delivery of 

compounds via cryogel scaffolds placed on HPMB-OSCs represents a convenient, reliable, and controllable 

approach in a novel human test system and may provide a stepping stone for candidate drugs assessment 

after their initial in vitro evaluation. Additionally, this method opens the way to study remyelination 

processes ex vivo in human tissue, enabling evaluation of therapeutic strategies within a native human 

microenvironment.

Previously we have shown that myelin swelling and blistering occur rapidly after damage and are a hallmark 

of early myelin damage. Additionally, neuronal activity was found to determine swelling fate [1, 24]. To 

test whether ion disbalance could induce subtle myelin damage, we focally delivered Nav1.6 channel 

agonist β-scorpion toxin Cn2 to HPMB-OSCs. This agent has been shown to induce persistent opening of 

Nav1.6 channels in nodal compartments [36]. While Cn2 did not increase the amount of myelin blisters, 

which are regarded as prodromal events in MS [20, 21], Cn2 application did enhance the size of identified 

blisters in WM. The absence of more blisters after Cn2 exposure may either indicate that axon–myelin 

uncoupling is difficult to elicit in post-mortem cultures, or that the applied Cn2 exposure conditions (e.g. 

concentration of the drug and time of incubation) were insufficient to trigger additional myelin damage. 

Nonetheless, the increase in blister size suggests that sustained axonal sodium influx is able to drive the 

swelling of myelin. This is congruent with the observation that neuronal activity exacerbated myelin 

swelling pathology in ion-transport deficient models [22]. Interestingly, the observed increase in blister size 

suggests that axon-myelin coupling mechanisms remain intact in HPMB-OSCs.
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Here we have investigated the suitability of HPMB-OSCs for enabling investigation into human myelin 

biology. Main limitations of human-based models, such as primary cell cultures or HPMB-OSCs are the 

scarcity of available material and the variability between donors, influenced by factors such as medication 

history, comorbidities, lifestyle, or cause of death. Cryogel-mediated targeted drug delivery circumvents 

these problems, as it enables focal delivery and intra-slice comparisons, thereby minimizing inter-

experiment variability and reducing the amount of brain slices required per experiment. HPMB-OSCs, in 

combination with cryogel-mediated drug delivery, represent a useful model to explore the mechanisms 

involved in the dynamics of human myelin damage and provides a powerful tool to test candidate therapies 

for human diseases like MS.
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