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Abstract 24 

Multiple sclerosis (MS) is a neuroinflammatory disease with a relapsing-remitting disease course 25 

at early stages, distinct lesion characteristics in cortical gray versus subcortical white matter, and 26 

neurodegeneration at chronic stages. We assessed multilineage cell expression changes using 27 

single-nucleus RNA sequencing (snRNA-seq) and validated results using large area multiplex 28 

fluorescent in situ hybridization. We found selective vulnerability and loss of excitatory CUX2-29 

expressing projection neurons in upper cortical layers underlying meningeal inflammation; such 30 

MS neuron populations showed upregulation of stress pathway genes and long non-coding 31 

RNAs. Signatures of stressed oligodendrocytes, reactive astrocytes and activated phagocytosing 32 

cells mapped most strongly to the rim of MS plaques. Interestingly, snRNA-seq identified 33 

phagocytosing microglia and/or macrophages by their ingestion and perinuclear import of myelin 34 

transcripts, confirmed by functional mouse and human culture assays. Our findings indicate 35 

lineage- and region-specific transcriptomic changes associated with selective cortical neuron 36 

damage and glial activation contributing to MS lesion progression.37 
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Multiple sclerosis (MS) is a progressive neuroinflammatory autoimmune disease affecting about 38 

2.3 million people worldwide1 with immune-mediated cytotoxic effects on oligodendrocytes 39 

(OLs) causing demyelination and focal plaque formation2-4, accompanied by progressive axonal 40 

damage in the affected white matter (WM)5,6. Active lesions typically show inflammation and 41 

myelin phagocytosis at the rim of a plaque. Extensive cortical gray matter (GM) pathology 42 

includes demyelination and damage to the axon, neurite and neuron cell body7-9, particularly in 43 

areas underlying meningeal inflammation with plasma cell infiltration10-12. However, whether 44 

this process affects all or a subset of cortical neurons is poorly understood13. Cell type-specific 45 

mechanisms of MS progression, including scar formation with slowly expanding WM lesions14 46 

and cortical atrophy15 are poorly understood. Indeed, because MS lesions are heterogeneous in 47 

GM versus WM compartments, the underlying pathobiology, and potential for repair, is likely to 48 

vary in a region-restricted manner between cortical and subcortical lesion types.      49 

Single-cell transcriptomic techniques are well suited to identify cellular heterogeneity in 50 

the human brain16, and recently they have been applied to individual glial lineages in MS17,18. 51 

Here, we took a multilineage approach to brain-resident populations (neurons, astrocytes, OLs, 52 

microglia) focusing on cortical GM and subcortical WM to better understand molecular, cellular 53 

and spatially-restricted substrates of progressive MS pathology. We used frozen human brain 54 

samples from MS cases and controls to perform unbiased isolation of nuclei from subcortical and 55 

cortical lesion and non-lesion areas followed by single-nucleus RNA-sequencing (snRNA-56 

seq)17,19,20 and in situ validation of RNA gene expression across large anatomical areas. Our 57 

results indicate that genes most dysregulated in MS map spatially to vulnerable upper cortical 58 

layer neurons and reactive glia at the borders of subcortical MS lesions associated with 59 

progression in MS.60 
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Results 61 

snRNA-seq using post-mortem frozen MS tissue reveals cell-type specific molecular 62 

changes associated with MS pathogenesis. To analyze cell type-specific gene expression 63 

changes in the MS cortex, we used snRNA-seq to profile MS tissue samples that were chosen to 64 

capture cortical GM and adjacent subcortical WM lesion areas at various stages of inflammation 65 

and demyelination, as well as control tissue from unaffected individuals. We established a 66 

pipeline to perform serial sectioning of the entire tissue block to collect tissue covering all areas 67 

of lesion and normal-appearing (non-lesion) GM and WM areas, including attached meningeal 68 

tissue. Tissue sections were screened  by RNA integrity number (RIN) with an a priori cut off of  69 

6.5. Using this criterion, 12/19 MS tissue samples screened from 10 individuals and 9/16 70 

samples screened from control individuals were deemed suitable for snRNA-seq processing 71 

(Figure 1a; Table S1). As shown (Table S1), the distribution of confounding variables such as 72 

age, sex, postmortem interval and RIN was not significantly different between control and MS 73 

subjects (p>0.1, Mann-Whitney U test). 74 

 We then optimized and performed unbiased nuclei isolation using sucrose-gradient 75 

ultracentrifugation (Figure S1a), followed by single nuclei RNA barcoding (10x Genomics) and 76 

subsequent cDNA sequencing (Figure 1b, see Extended Methods for details). snRNA-seq 77 

yielded 48,919 single-nuclei profiles after quality control filtering (Figure 1b-c, Table S2). 78 

Following normalization of data, we applied several independent analysis techniques. Unbiased 79 

clustering identified 22 cell clusters (Figure 1c; n.b., none comprised nuclei captured from a 80 

single MS or control sample). We detected a median of 1,400 genes and 2,400 transcripts per 81 

nucleus, with higher numbers of transcripts detected in neuronal versus glial populations (Figure 82 

S1b). In this study we focused on resident brain cells of neuronal, astrocyte, oligodendroglial and 83 
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microglial lineages. We annotated cell clusters based on expression of lineage marker genes for 84 

excitatory and inhibitory cortical neurons, astrocytes, oligodendrocyte lineage cells and 85 

microglia as well as other minor cell populations (Figure 1d, Figure S1e, Table S3)21.  86 

Neuronal subtype markers included interneuron marker GAD2, excitatory neuron marker 87 

SCL17A7, upper layer marker CUX2, layer 4 marker RORB, deep layer marker TLE4, as well as 88 

interneuron subtype markers PVALB, SST, VIP and SV2C. 89 

 Comparing normalized numbers of nuclei captured from MS cases and controls, we 90 

observed a striking reduction of upper-layer excitatory projection neuron (EN-L2-3A, B) 91 

numbers in MS samples with cortical demyelinated lesions (Figure 1e). In contrast, numbers of 92 

intermediate (EN-L4) and deep-layer (EN-L5-6) excitatory neurons, as well as THY1/NRGN-93 

high-expressing pyramidal cells, VIP-expressing, somatostatin (SST) - and parvalbumin 94 

(PVALB)-expressing interneurons were similar between MS samples and controls (Figures 1e-f). 95 

MS-associated genes showed greatest differential expression in EN-L2-3, followed by EN-L4 96 

and myelinating OLs (Figure 1g).  Notably, for EN-L2-3 and OLs, these dramatic transcriptomic 97 

changes resulted in separation of these cell types into clusters depending on their origin from MS 98 

or control samples (Figure 1c). In contrast to EN-L2-3 cells, gene dysregulation was less 99 

pronounced in upper layer VIP-expressing interneurons (Figure 1g). These findings suggested 100 

cell type vulnerability in layer 2/3 excitatory CUX2-positive neurons.  101 

 102 

Selective vulnerability of MS CUX2-expressing upper layer cortical projection neurons. We 103 

investigated changes in CUX2-expressing EN-L2-3 cells in MS lesion pathology using 104 

unsupervised pseudotime trajectory analysis to identify dynamic gene expression changes 105 

(Figure 2a). We found that cell distribution along the trajectory separated control from MS 106 
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CUX2-positive cells; interestingly, we found that progression along the trajectory correlated with 107 

conventional inflammatory lesion staging and the degree of upper layer cortical demyelination 108 

(Figure 2b, Figures S2c-d). For example, CUX2-expressing neurons, which localized towards 109 

the trajectory end, derived mainly from samples harboring late chronic inactive lesions with 110 

extensive subpial demyelination as compared to early acute and chronic-active lesions with less 111 

upper cortical demyelination (Figure 2c). 112 

Trajectory analysis highlighted gene ontology (GO) terms (Figure 2d) and dynamic 113 

upregulation of oxidative stress, mitochondrial dysfunction and cell death pathways suggesting 114 

damage of CUX2-expressing neurons (Figure 2e). Specific dynamically upregulated genes 115 

included stress-related and cell death genes (FAIM2, ATF4, CLU, B2M), heat-shock response 116 

related genes (HSPH1, HSP90AA1), protein accumulation and axon degradation associated 117 

transcripts (APP, NEFL, UBB), genes linked to energy metabolism and oxidative stress (COX7C, 118 

PKM, PPIA), as well as long-noncoding (lnc) RNAs LINC00657 (NORAD) and BCYRN1 119 

(BC200) (Figure 2e, Figure S2a,Table S4)22,23. Conversely, we noted dynamic downregulation 120 

of transcripts associated with mitochondrial energy consumption (FARS2), glutamate signaling 121 

(GRIA4, GRM5), potassium/cation homeostasis (KCNB2, KCNN2, SLC22A10), neuronal 122 

signaling (NELL1), axon plasticity (ROBO1) and lncRNA LINC01266 (Figure 2f). We observed 123 

similar enrichment of cell stress pathways for excitatory neurons from all cortical layers by 124 

performing differential expression analysis and comparing control and MS cells in each cell type 125 

(Figure S2b, Table S4, Materials and Methods). However, for cortical interneuron 126 

populations, only one GO term associated with protein folding was enriched for genes 127 

dysregulated in IN-PVALB and IN-VIP interneurons (Table S4). Together, these findings 128 
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indicate a gradual transition of CUX2-expressing neurons towards a transcriptomic damage 129 

signature, that appears to be driven by disease progression and to result in neuronal death. 130 

 131 

Loss of CUX2-expressing excitatory projection neurons in demyelinated cortical lesions in 132 

situ. We next used large area spatial transcriptomic (LaST) mapping24 to validate cell type-133 

specific gene expression changes in a tissue-relevant context. We used chromogenic and 134 

multiplex small molecule fluorescent in situ hybridization (smFISH) protocols that were 135 

optimized to overcome technical difficulties (e.g., high levels of background auto-fluorescence in 136 

WM and lipofuscin in neurons) in archival human brain samples (see Extended Methods). We 137 

achieved favorable signal-to-noise over entire tissue sections for neuronal markers CUX2 and 138 

SYT1 (neuronal identity marker) combined with immunohistochemistry for myelin 139 

oligodendrocyte glycoprotein (MOG) (Figure 3a). We also confirmed layer-associated 140 

expression of neuronal subtype markers RORB, THY1, TLE4, VIP and SST (Figure 3a, Figure 141 

S3a). 142 

Given snRNA-seq findings above, we investigated expression of co-located upper layer 143 

CUX2- and VIP-expressing neuron populations by smFISH in MS and control tissue sections 144 

(Figures 3b). We found a significant reduction of CUX2-expressing excitatory neurons in both 145 

completely and incompletely demyelinated cortical areas (Figure 3b). In contrast, adjacent VIP-146 

expressing interneuron populations within cortical MS lesion areas remained intact. Of note, 147 

meningeal plasma cell infiltration (that predominated over SKAP1+ T cells) was a common 148 

finding in sulci with underlying upper cortical layer demyelination and loss of CUX2-positive 149 

neurons (Figure S3b)10,25.  150 
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Next, we validated the increase of expression of the cell stress marker PPIA (encoding 151 

prolyl isomerase cyclophilin A) in MS lesions. PPIA was strongly upregulated in correlation 152 

with EN-L2-3 trajectory progression (Figure 2e) and preferentially upregulated in excitatory 153 

upper layer (EN-L2-3 and EN-L4) versus deep layer excitatory (EN-L5-6) and inhibitory (IN-154 

SST) cortical neurons in MS lesion tissue (Figure S2a). By smFISH quantification, we found 155 

PPIA transcripts to be strongly upregulated in both neurons from demyelinated and adjacent 156 

normal-appearing cortical lesion areas (Figure 3c)26. Then, we validated evidence for activation 157 

of NORAD-Pumilio signaling in cortical MS lesion neurons by chromogenic and fluorescent 158 

smFISH. Similar to PPIA, NORAD was dynamically upregulated along the EN-L2-3 trajectory 159 

(Figure 2e) and preferentially upregulated in upper cortical excitatory (EN-L2-3 and EN-L4) 160 

neurons (Figure S2a). NORAD has been shown to be activated upon severe genomic stress 161 

helping stabilize DNA by binding to PUMILIO and RBMX proteins that are required for neuron 162 

survival22,27. Although NORAD was upregulated in several cell types in MS (Figure S2a),  163 

strongest upregulation was observed in upper layer excitatory neurons; we validated this finding 164 

by analysis of cytoplasmic NORAD accumulation in cortical MS lesion neurons as compared to 165 

normal-appearing areas with intact myelin (Figure 3c). These findings confirm degeneration and 166 

selective loss of CUX2-expressing upper layer excitatory neurons in cortical MS lesions, while 167 

abutting interneurons and other cortical excitatory neuron subtypes were relatively preserved. 168 

 169 

Defined macroglial signatures are expressed in spatially distinct cortical and subcortical 170 

lesion areas. Prior studies have indicated differential gene expression and functionally diverse 171 

properties of reactive astrocytes that can be antagonistic or beneficial to repair after injury28,29. 172 

We identified astrogliosis by enhanced immunoreactivity for glial fibrillary acidic protein 173 
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(GFAP) in regions of subcortical demyelinated WM that did not cross into the demyelinated 174 

cortex in MS lesions. The GFAP signature in demyelinated WM overlapped with CD44-175 

expressing reactive astrocytes30, with the strongest expression pattern at the margins of lesions; 176 

these astrocytes also showed upregulated CRYAB and MT3 (Figures S4a-b, Table S3)31.  As 177 

shown (Figure 4a, Figure S4a), RFX4 expression captures all SLC1A2-positive GM and CD44-178 

positive WM astrocytes. We also observed downregulation of genes for glutamate (SLC1A2, 179 

GLUL) and potassium homeostasis (KCNJ10)32 in cortical GM astrocytes and confirmed 180 

expression of GPC5, a marker that co-localizes with RXF4-expressing GM astrocytes, in lesion 181 

and non-lesion cortical areas in situ (Figure 4a-b, Figure S4a). Reactive astrocytes at 182 

inflammatory chronic active lesion rims also showed strong expression of the transcription 183 

factors BCL6, FOS (encoding c-FOS) – associated with astrocyte endothelin receptor type B 184 

(EDNRB) upregulation – and the lncRNA LINC01088 (Figure 4b, Figure S4b)33. Thus, spatial 185 

transcriptomics revealed distinct expression patterns for cortical versus subcortical reactive 186 

astrocytes in the MS lesion microenvironment. 187 

Myelinating OLs characterized by myelin gene expression and the transcription factor 188 

ST18 (Figure 1d, Figure S4c) exhibited the third highest number of differentially expressed 189 

genes (Figure 1g) consistent with vulnerability, enriched stress pathways as shown by GO terms 190 

(Figure S4d) and a known cell loss of this cell type in MS pathology. Differential gene 191 

expression analysis indicated upregulation of genes for heat shock response (HSP90AA1), 34cell 192 

stress and death (FAIM2, ATF4), MHC class I upregulation (B2M, HLA-C), iron accumulation 193 

(ferritin encoding FTL, FTH1)34,35 and ubiquitin-mediated protein degradation (UBB) as well as 194 

the lncRNAs LINC00657 and LINC00844 (Figure 4c-d, Figure S4e). Conversely, we observed 195 

downregulation of markers for OL differentiation and myelin synthesis (BCAS1, SGMS1)36 and 196 
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potassium/cation homeostasis (KCNJ10)32 as well as cell-cell-interaction (SEMA6A) and 197 

formation of the node of Ranvier (GLDN) in MS OLs at lesion borders (Figure 4c). In summary, 198 

our findings indicate severe cell stress in MS OLs that can be mapped back to periplaque rim 199 

areas of subcortical lesions. 200 

 201 

Activated and phagocytosing microglial cells can be identified by snRNA-seq and mapped 202 

to chronic-active MS lesion rims. We observed a dramatic expansion of microglia in MS 203 

samples (Figure 1e). In order to identify lesion-specific microglia subtypes, we performed 204 

hierarchical clustering of all captured cells with a microglial gene signature (Figure S5). We 205 

observed microglial cells with a homeostatic gene expression signature (P2RY12, RUNX1, 206 

CSF1R) present in both MS and control samples as well as MS-specific cells with enrichment for 207 

transcripts encoding activation markers (CD14, FTL, MSR1, SPP1, APOE), complement factors 208 

(C1QA, C1QB, C1QC) and MHC-II associated proteins (CD74, HLA-DRB1, HLA-DRA)18 209 

(Figure S5a, Table S5). Moreover, we found microglial cells characterized by enrichment for 210 

OL-specific marker genes like PLP1, MBP and ST18 (Figure S4c, Figure S5a, Table S5). Of 211 

note, phagocytosing cells formed an unique cluster characterized by presence of myelin and 212 

microglial transcripts (Figure 1c-d), suggesting the possibility that ingested myelin transcripts 213 

co-purified with nuclei of phagocytosing cells. In addition to those above, genes upregulated in 214 

MS microglia (versus controls) were linked to myelin and lipid degradation (ASAH1, ACSL1, 215 

DPYD) (Figure 5a). For downregulated genes in MS microglia, among others we found synapse 216 

remodeling transcript SYNDIG137, and potassium channel KCNQ3 in MS microglia (Figure 5a). 217 

As shown (Figure 5a-b, Figure S5, Table S5), marker genes for microglia reactivity (CD68, 218 
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CD74, FTL, MSR1) colocalized with the lineage microglia marker RUNX1, and mapped such 219 

activated cells to chronic active boundaries of subcortical MS lesions. 220 

To provide functional evidence for putative myelin RNA microglial phagocytosis, we 221 

cultured human and mouse microglia exposed to purified myelin from rat brain (Figure 5c), 222 

which contains myelin transcripts (Figure S6).  We found significant uptake of myelin and PLP1 223 

and MBP transcripts to intracellular, perinuclear and nuclear compartments of microglia at 1-day 224 

post exposure to labeled (pHrodo) myelin.  Indeed, ingested MBP mRNA was observed in mouse 225 

microglia up to 4-days post myelin feeding (Figure 5c). In parallel, we observed morphological 226 

changes in phagocytosing mouse microglia, differential upregulation of the activation marker 227 

Cd16338 and downregulation of the homeostatic microglia marker P2ry1239. Such changes in 228 

mouse microglia showed parallel gene expression changes in human MS phagocytosing cells by 229 

snRNA-seq (Figure 5c).   230 

 231 

Interactive single-cell web browser to visualize cell-type specific transcriptional changes in 232 

MS. We have created an interactive web browser to visualize MS-associated cell-type specific 233 

changes (https://ms.cells.ucsc.edu). The web browser allows studying cell-type specific 234 

expression levels of individual genes and transcriptomic changes throughout different lesion 235 

stages of MS versus control tissues.236 



 12

Discussion 237 

MS lesions are quite heterogeneous in cortical and subcortical lesion areas with distinct 238 

patterns of inflammatory demyelination13,40,41. Our findings indicate cell type-specific gene 239 

expression changes in regions of cortical neurodegeneration and at the rim of chronic active 240 

subcortical lesions involved in progressive MS and cortical atrophy. Results of our snRNA-seq 241 

analysis highlight feasibility of the approach in MS and are consistent with findings17-19. We 242 

validated candidate gene expression using large area spatial transcriptomics in human MS brain.   243 

In this study, we used high-quality archival samples from patients who did not receive 244 

modern immune modulatory therapies; thus, they represent more or less the endpoint of the 245 

natural disease course with relatively early death of patients (e.g., 30-50 years of age). A 246 

limitation of this study is the number MS samples, which could have resulted in under-reporting 247 

of certain lineages. Computational analysis of differential gene expression and trajectory analysis 248 

of a total of 12 MS and 9 control samples pointed most strongly to the neuronal compartment 249 

and indicated dramatic cellular stress and loss of CUX2-expressing upper layer excitatory 250 

projection neurons in demyelinated and partially remyelinated cortical MS lesions. Such lesions 251 

underlie sustained meningeal inflammation with predominant plasma B cell infiltration, 252 

highlighting the importance of B cells in progressive MS10,11. These findings suggest a 253 

mechanism of cortical atrophy in progressive MS that is predicted to benefit from B cell 254 

depleting therapies42,43. Markers of stressed upper layer excitatory projection neurons included 255 

PPIA (encoding cyclophilin A), the lnc RNA NORAD implicating the Pumilio pathway and other 256 

cellular stress pathways related to protein degradation, heat shock response and metabolic 257 

exhaustion as critical determinants of neuronal survival44-46. Notably, while most transcriptional 258 

changes and neuronal cell loss took place in demyelinated regions, we also observed abnormal 259 
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gene expression features (e.g., PPIA) in normal-appearing cortical areas suggesting a gradient of 260 

pathology47. Surprisingly, although we observed an increase in differentially expressed genes 261 

including cell stress pathways in inhibitory and other excitatory cortical neuron subsets11, we 262 

found upper layer projection neurons to be mostly damaged in MS. While it is possible that 263 

CUX2-expressing projection neurons are damaged by both sustained meningeal inflammation 264 

and retrograde axon pathology from juxtacortical WM lesions, another common lesion site in 265 

MS41, additional intrinsic factors might account for their lack of resilience, especially when one 266 

considers that neighboring inhibitory and excitatory neurons of the cortex showed relatively little 267 

cell loss.    268 

Recent studies used MS lesion single-nuclei and single-cell RNA-seq to study the OL17 269 

and microglia18 lineage focusing on WM lesions and found heterogeneity in both subsets 270 

pointing towards specific glial subsets linked to MS pathobiology. Here, we show the feasibility 271 

and utility of high-resolution large-area spatial transcriptomics to map dysregulated genes in 272 

multiple lineages back to the relevant human brain tissue studying both cortical and subcortical 273 

lesion and non-lesion areas for insights into disease single-cell pathology. Transcriptomic 274 

changes associated with oligodendroglial, microglial and astrocyte activation mapped 275 

predominantly to the rim areas of chronic active subcortical lesions14,48. Notably, both stressed 276 

myelinating OLs and upper layer cortical projection neurons upregulated genes for self-antigen 277 

presentation to immune cells (B2M, HLA-C) suggesting cell-intrinsic processes that might 278 

promote ongoing degeneration and inflammation, in agreement with others49,50.  At subcortical 279 

lesion rims, we found that MS OLs showed molecular changes indicating both cellular 280 

degeneration and iron overload34,35. 281 
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In another example of MS lineage spatial diversity, we detected distinct transcripts in 282 

cortical versus subcortical lesion astrocytes, providing insight into the role of tissue 283 

microenvironment in regions that show differential extent of pathology. Further, we found that 284 

snRNA-seq can distinguish phagocytosing cells in MS because of myelin transcript import into 285 

peri-nuclear structures or the nucleus itself.  Future work is needed to determine whether this 286 

biology is beneficial or detrimental in disease course, for example by exacerbating inflammation 287 

in MS. In summary, multilineage and spatial gene expression analysis indicates cell type-specific 288 

cortical neurodegeneration and glial activation patterns involved in regions of MS lesion 289 

progression. 290 
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Figure legends 340 

Figure 1. Experimental approach and characteristics of snRNA-seq using frozen MS tissue. 341 

(a) Overview of control, cortical and subcortical MS lesion types captured in the current study 342 

(GM = cortical gray matter, WM = subcortical white matter, DM = demyelination, NA = normal 343 

appearing GM/WM). (b) Experimental approach to isolating nuclei from postmortem snap-344 

frozen brain samples of MS and control patients. (c) Overview of cell types from individual 345 

samples (left), belongings to separate cell-type specific clusters (center) and contribution of 346 

control (n=9) and MS (n=12) samples to individual clusters (right). Note separation of EN-L2-3 347 

(excitatory upper layer neurons) and OL (myelinating oligodendrocytes) cells into MS-specific 348 

disease clusters EN-L2-3-B and OL-B/C. (d) Marker gene expression characterizing neurons, 349 

astrocytes, oligodendrocytes and microglia. (e) Bar chart showing contributions of normalized 350 

cell numbers of control and MS samples to major cell-type specific clusters. The observed trend 351 

of EN-L2-3-A cell enrichment and concominant decrease in EN-L2-3-B in control samples over 352 

MS was not statistically significant.  (f) Neuron subtype specific loss of upper layer (EN-L2-3) 353 

but not intermediate (EN-L4), deep (EN-L5-6) or VIP-expressing inhibitory (IN-VIP) neurons 354 

based on normalized cell numbers. (g) Differential gene expression analysis shows highest 355 

number of dysregulated genes in EN-L2-3 followed by EN-L4 cells and OLs. Note least 356 

differentially expressed genes in IN-SST (SST-expressing interneurons) and OPCs. Mann-357 

Whitney tests were performed in e and f; *P ≤ 0.05. Data are presented as mean ± s.e.m. 358 

 359 

Figure 2. Pseudotime trajectory analysis of upper layer excitatory projection neurons. (a) 360 

Trajectory analysis of EN-L2-3 cells based on cell-type specific CUX2 expression (upper left). 361 

Unsupervised pseudotime trajectories within the EN-L2-3 (upper right) cluster reflect separation 362 
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into cellular origin from control and MS samples (lower left) and followed inflammatory lesion 363 

stages (lower right). (b) EN-L2-3 pseudotime trajectories separate cells from control and MS 364 

(upper left) and control from inflammatory lesion stages (center left) and also reflect loss of 365 

normalized EN-L2-3 numbers (lower left). Strongest association with EN-L2-3 trajectories found 366 

for upper cortical layer demyelination (upper right) versus deep cortical layer (center right) and 367 

subcortical demyelination (lower right). (c) Note selective enrichment of dysregulated genes in 368 

EN-L2-3 cells from samples with late chronic inactive lesions as compared to acute/chronic-369 

active and control samples. (d) Visualization of GO terms enriched for genes that are 370 

upregulated in EN-L2-3 in a pseudotime-dependent manner. Note enrichment of severe cell 371 

stress processes. (e) Trajectory-dependent upregulated (left) and downregulated (right) EN-L2-3 372 

genes of interest. 373 

 374 

Figure 3. Cellular and molecular neuronal pathology in cortical MS lesions. (a) tSNE plots 375 

for neuron subtype specific expression of CUX2, VIP and TLE4 (left). Large area spatial 376 

transcriptomics (LaST) showing layer-specific expression of neuronal CUX2 in demyelinated 377 

lesion versus non-lesion areas (center left). Schematic illustrates cortical layer-specific neuron 378 

subtype diversity (center). Confirmation of CUX2 and VIP expression in upper and TLE4 in deep 379 

cortical layers by smFISH (center right). Co-expression studies with SYT1 confirm neuronal 380 

expression of CUX2, VIP and TLE4 (black arrowheads). (b) Combined MOG 381 

immunohistochemistry (IHC) and CUX2 in situ hybridization shows selected loss of CUX2-382 

positive neurons in demyelinated area directly underlying meningeal inflammation (upper left). 383 

Note selective loss of CUX2- (center) but not VIP- (right) expressing upper layer neurons in 384 

subpial demyelination (white arrowheads), confirmed by quantification in demyelinated 385 
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(DMGM, CUX2/VIP: n = 8/8) versus incomplete demyelinated (IDMGM, CUX2/VIP: n = 7/7), 386 

normal-appearing (NAGM, CUX2/VIP: n = 5/5) and control (ctrl, CUX2/VIP: n = 5/4) upper 387 

cortical gray matter areas from different tissue blocks (bottom left). ANOVA with Kruskal 388 

Wallis multiple comparison tests were performed; *P ≤ 0.05.  (c) Strong and gradual 389 

upregulation of PPIA encoding cyclophilin A in cortical neurons from both demyelinated (n = 4) 390 

and normal-appearing (n = 4) adjacent cortical lesion areas as compared to control gray matter (n 391 

= 3) (left, white encircled areas indicate perinuclear areas of PPIA quantification). Striking 392 

upregulation and cytoplasmic accumulation of the long non-coding RNA LINC00657 (NORAD) 393 

in neurons of demyelinated (n = 4) cortical lesion areas as compared to normal-appearing (n = 4) 394 

and control areas (n = 3) (right, black arrowheads). ANOVA with Tukey’s multiple comparison 395 

tests were performed in c; *P ≤ 0.05. Data are presented as mean ± s.e.m. 396 

 397 

Figure 4. Transcriptomic changes in astrocytes and myelinating oligodendrocytes in 398 

cortical and subcortical MS lesions. (a) Differential downregulation of homeostatic 399 

protoplasmic astrocyte genes SLC1A2 and GPC5 in MS, as opposed to differential upregulation 400 

of astroglial GFAP and CD44 in MS (upper left). LaST confirms downregulation of SLC1A2 401 

(associated with RFX4-expressing NAGM astrocytes, bottom left, white arrowheads) in cortical 402 

demyelination underlying meningeal inflammation, whereas CD44 shows ubiquitous expression 403 

in WM areas (associated with RFX4-expressing NAWM and PPWM [periplaque white matter] 404 

astrocytes, center left, white arrowheads). Note strong upregulation of astroglial CD44 at the 405 

chronic active lesion rim in enlarged area (b1, center right). Co-expression studies confirm CD44 406 

and GPC5 co-expression with pan-astrocyte marker RFX4 (black arrowheads). Note selective 407 

CD44 expression/upregulation in fibrous/reactive WM astrocytes and GPC5 enrichment in 408 
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protoplasmic cortical GM astrocytes (black arrowheads; right). White star indicates central blood 409 

vessel in lesion core. (b) Downregulation of glutamine synthetase (GLUL) and potassium 410 

channel KIR4.1 (KCNJ10) in MS astrocytes (left). Note differential upregulation of BCL6 and 411 

FOS encoding transcription factors in reactive astrocytes mapped to the lesion rim (center, black 412 

arrowheads). The novel lnc RNA LINC01088 is specifically expressed in fibrous/reactive WM 413 

astrocytes (right, black arrowhead). (c) tSNE plots for selected upregulated (top) and 414 

downregulated (bottom) genes in MS OLs linked to several cell stress pathways (upregulation) 415 

and OL function in myelin biosynthesis and axon maintenance. (d) Ferritin transcripts FTL and 416 

FTH1 are strongly upregulated in PLP1-expressing OLs at iron-laden lesions rims (left, black 417 

arrowheads). Note also differential upregulation of MHC class I transcripts B2M and HLA-C in 418 

PLP1-expressing OLs at PPWM areas (right; yellow arrowheads [white arrowheads mark OLs 419 

without B2M ISH signals in NAWM]). 420 

 421 

Figure 5. Transcriptomic changes in activated and phagocytosing microglia subsets. (a) 422 

tSNE plots for selected upregulated genes in activated MS microglia linked to OL/myelin 423 

phagocytosis and enzymatic breakdown (left) as well as to microglia/macrophage activation and 424 

iron metabolism/uptake (center); note selective downregulation of genes encoding for synapse 425 

function (SYNDIG1) and potassium homeostasis (KCNQ3) (right). (b) LaST 3D rendering shows 426 

complex subcortical WM lesions of different inflammatory stages by combining MBP smFISH 427 

with CD68 IHC, white arrowheads indicate CD68+ cells with MBP+ ISH signals; note 428 

colocalization of MBP transcripts in subset of CD68-positive cells co-expressing MHC-II related 429 

CD74 and canonical transcription factor gene RUNX1 (left-center left, white arrowheads). CD68 430 

IHC identifies focal WM lesion with central blood vessel (black star) (center upper right). Note 431 
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selective enrichment of microglia marker gene MSR1 at lesion rims (lower right), co-expressed 432 

with RUNX1 (lower right, black arrowheads) and associated with FTL expression (upper right, 433 

black arrowheads). (c) Human (upper left) and mouse (upper center right) myelin-microglia 434 

culture engulfment assay confirming ingestion of MBP and PLP1 transcripts from rat myelin 435 

preparations and showing localization to nuclear and perinuclear spaces (white arrowheads). 436 

Microglia cells were labelled by pHrodo (human) and Iba1/CD68 (mouse) and LMNA/C and 437 

DAPI were used to stain nuclei. Schematic illustrates predicted mode of action showing myelin 438 

phagocytosis and uptake into (peri-)nuclear microglial spaces by microglia (upper right). Uptake 439 

and persistence of myelin engulfment up to 4 days after ingestion in mouse microglia cells 440 

confirmed by smFISH quantification for subcellular MBP transcripts (4 independent cultures 441 

each derived from a different animal; lower left); note differential upregulation of macrophage 442 

activation marker Cd163 and downregulation of homeostatic marker P2ry12 in myelin-443 

phagocytosing cells reflecting expression patterns in human MS microglia by snRNA-seq (6 444 

independent cultures each derived from a different animal; lower right). Mann-Whitney tests 445 

were performed; *P ≤ 0.05. Data are presented as mean ± s.e.m.  446 

 447 

Figure S1. Sample and disease contribution of cell types captured by snRNA-seq. (a) Nuclei 448 

suspension after ultracentrifugation and before capturing by 10X Genomics confirming DAPI 449 

nuclear counterstaining with presence of smaller and larger DAPI+ nuclei. Note that larger nuclei 450 

are co-stained with anti-NeuN antibody confirming neuronal origin (white arrowheads)  (b) 451 

Colored t-SNE plots showing numbers of genes (left) and UMIs (right) per captured nuclei from 452 

control and MS samples. (c) Colored t-SNE plot visualizing nuclei from different lesion stages 453 

based on classic pathological MS lesion staging. (d) Colored t-SNE plots visualizing nuclei from 454 
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samples with different levels of upper and deep layer cortical demyelination as well as 455 

subcortical demyelination. (e) Cell-type specific marker genes for OL progenitor cells, stromal 456 

cells including pericytes, endothelial cells, and leukocytes. 457 

 458 

Figure S2. Molecular changes in cortical neuron subtypes in MS lesions. (a) NORAD and 459 

PPIA expression patterns in cortical neurons and selected glial subtypes. Note baseline 460 

expression of NORAD and PPIA in neuronal versus glial subtypes and preferential upregulation 461 

of both NORAD and PPIA in upper cortical layer excitatory neurons (EN-L2-3 and EN-L4) in 462 

MS lesion tissue versus deep cortical layer excitatory and inhibitory neurons (EN-L5-6 and IN-463 

SST). (b) Visualization of enriched GO terms in EN-L2-3, EN-L4 and EN-L5-6 cells based on 464 

differential gene expression analysis.  465 

 466 

Figure S3. Cortical neuron and lymphocyte subtype analysis in MS lesions. (a) tSNE plots 467 

for neuron subtype specific expression of RORB, THY1, NRGN, SST, SV2C and PVALB (left). 468 

LaST showing layer-specific expression of neuronal RORB in intermediate cortical layer 4 and 469 

widespread expression of pyramidal neuron marker THY1 with enrichment in layer 5; note that 470 

SST-expressing interneurons preferentially map to deep cortical layers. Co-expression studies 471 

with SYT1 confirm neuronal expression of RORB, THY1 and SST (black arrowheads). (b) 472 

Heatmap with hierarchical clustering of lymphocyte-associated transcripts allowing sub 473 

clustering of lymphocytes in T cells, B cells and plasma cells based on marker gene expression 474 

(upper left). tSNE plots for typical B/plasma cell and T cell marker genes enriched in 475 

lymphocyte clusters (upper right). IHC for T cell marker SKAP1 (black arrowheads mark 476 

SKAP1+ T cells) together with spatial transcriptomics for B cell-associated IGHG1 encoding 477 
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immunoglobulin G1 (IgG1) (magenta-colored arrowheads; lower left); note preferential 478 

clustering of plasma cell-associated MZB1+ and IGHG1-expressing B cells (white arrowheads, 479 

lower right) in inflamed meningeal tissue versus mixed T and B cell infiltration in perivascular 480 

cuffs of subcortical lesions (lower panels). One caveat to these findings is the relatively small 481 

number of MS cases samples, which limited our ability to cluster T cell populations.   482 

 483 

Figure S4. Astrocyte and oligodendrocyte cluster analysis and spatial transcriptomics in 484 

MS lesions. (a) Differential spatial expression patterns of astroglial GFAP in subcortical versus 485 

cortical demyelination (left); tSNE plots visualizing astrocyte specific genes corresponding to all 486 

(RFX4) protoplasmic (SLC1A2, GPC5) and fibrous/reactive astrocytes (GFAP, CD44). 487 

Quantification of RFX4+ ISH signals per nuclei in GM and WM of control samples validates 488 

RFX4 as a canonical astrocyte marker; quantification of GPC5+ and CD44+ ISH signals per 489 

RFX4+ astrocytes confirms validates GPC5 as protoplasmic GM and CD44 as fibrous WM 490 

marker. Mann-Whitney tests were performed; *P ≤ 0.05. Data are presented as mean ± s.e.m.  491 

(b) Upregulation of astroglial CRYAB, MT3 (black arrowheads) and endothelin type B receptor 492 

transcript EDNRB (white arrowhead) in reactive astrocytes in subcortical lesions. (c) tSNE plots 493 

showing OL-specific expression of myelin genes MBP and CNP as well as transcription factor 494 

ST18; note co-expression of ST18 with PLP in control WM by ISH. (d) Visualization of enriched 495 

GO terms in myelinating OLs based on differential gene expression analysis. (e) Co-expression 496 

spatial transcriptomic studies confirming upregulation of heat shock protein 90 transcript 497 

HSP90AA1 in both progenitor (PDGFRA-expressing) and myelinating (PLP1-expressing) OLs at 498 

lesion rims (PPWM, black arrowheads). 499 

 500 
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Figure S5. Cluster analysis of activated and phagocytosing microglia subtypes. Hierarchical 501 

cluster analysis identifies several homeostatic and activated MS-specific microglia subtypes 502 

according to inflammatory lesion stages allowing transcriptomic staging of microglia subtypes. 503 

Clusters with enriched genes are marked and annotated a-f (see Table S5 for gene lists). Note 504 

that phagocytosing cells are identified by presence of OL/myelin genes (cluster “f” on bottom of 505 

heatmap). 506 

 507 

Figure S6. PCR for rat Mbp from myelin preparation. (a) Coomassie stain of brain 508 

homogenate (Hom.) and purified myelin (P.M.) from adult rat brain CNS prepared as described 509 

in extended methods (left). Western blots for myelin basic protein (MBP), myelin 510 

oligodendrocyte glycoprotein (MOG), synaptophysin (Syp.) and neurofilament heavy molecular 511 

weight (NF-H) (center). PCRs of myelin basic protein (Mbp) and synaptophysin (Syp.) 512 

transcripts in brain homogenate and purified myelin fractions (right). (b) Densitometric 513 

quantification of n = 4 for Coomassie (total protein) Western blots and PCRs shown in a – c in 514 

purified myelin fractions normalized to homogenates. 515 

 516 

Table S1.  Characteristics of MS and control patient samples included in the study. * = NIH 517 

tissue bank samples; GM = cortical gray matter; WM = subcortical white matter; DM = 518 

demyelination; PMI = postmortem interval; RIN = RNA integrity number; PP = primary-519 

progressive; SP = secondary-progressive; NA = not applicable; *Inflammatory-demyelinating 520 

stage (based on presence of phagocytes and lesion rim inflammation according to largest lesion if 521 

more than one lesion present on tissue block); fraction of reads in rells refers to the CellRanger 522 
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output after 10x Genomics data analysis and serves as a quality control measure for nuclei 523 

capture. 524 

 525 

Table S2. Metadata for single nuclei profiles included in the study, as well as pseudotime 526 

trajectories for EN-L2-3 neurons. 527 

 528 

Table S3. List of unbiased marker genes for each cell type. 529 

 530 

Table S4.  List of differentially expressed genes and trajectory-dependent EN-L2-3 genes. 531 

 532 

Table S5.  List of microglial cluster genes based on hierarchical cluster analysis. Note that 533 

genes shown in Figure S5 are highlighted in red.534 
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