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            Abstract
Multiple sclerosis (MS) is a neuroinflammatory disease with a relapsingâ€“remitting disease course at early stages, distinct lesion characteristics in cortical grey versus subcortical white matter and neurodegeneration at chronic stages. Here we used single-nucleus RNA sequencing to assess changes in expression in multiple cell lineages in MS lesions and validated the results using multiplex in situ hybridization. We found selective vulnerability and loss of excitatory CUX2-expressing projection neurons in upper-cortical layers underlying meningeal inflammation; such MS neuron populations exhibited upregulation of stress pathway genes and long non-coding RNAs. Signatures of stressed oligodendrocytes, reactive astrocytes and activated microglia mapped most strongly to the rim of MS plaques. Notably, single-nucleus RNA sequencing identified phagocytosing microglia and/or macrophages by their ingestion and perinuclear import of myelin transcripts, confirmed by functional mouse and human culture assays. Our findings indicate lineage- and region-specific transcriptomic changes associated with selective cortical neuron damage and glial activation contributing to progression of MS lesions.
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                    Fig. 1: Experimental approach and characteristics of snRNA-seq using frozen MS tissue.[image: ]


Fig. 2: Pseudotime trajectory analysis of upper-layer ENs.[image: ]


Fig. 3: Cellular and molecular neuronal pathology in cortical MS lesions.[image: ]


Fig. 4: Transcriptomic changes in astrocytes and myelinating OLs in cortical and subcortical MS lesions.[image: ]


Fig. 5: Transcriptomic changes in activated and phagocytosing microglia subsets.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Sample and disease contribution of cell types captured by snRNA-seq.
a, Representative images selected from nuclear suspensions (control, nÂ =Â 9) after ultracentrifugation and before capturing by 10x Genomics confirming DAPI nuclear counterstaining with presence of smaller and larger DAPI+ nuclei. Note that larger nuclei are co-stained with anti-NeuN antibody confirming neuronal origin (white arrowheads). b, Coloured t-SNE plots showing numbers of genes (left) and UMIs (right) per captured nuclei from control and MS samples. c, Coloured t-SNE plot visualizing nuclei from different lesion stages based on classic pathological MS lesion staging.Â Acute, acute chronic-active;Â chronic, chronic inactive; ctrl, control. d, Coloured t-SNE plots visualizing nuclei from samples with different levels of upper- and deep-layer cortical demyelination as well as subcortical demyelination. e, Representative t-SNE plots with cell-type specific marker genes for OL progenitor cells, stromal cells including pericytes, endothelial cells and leukocytes. For t-SNE plots, data shown from 9 control and 12 MS samples and a total of 48,919 nuclei.


Extended Data Fig. 2 Molecular changes in cortical neuron subtypes in MS lesions.
a, NORAD and PPIA expression patterns in cortical neurons and selected glial subtypes. Note baseline expression of NORAD and PPIA in neuronal versus glial subtypes and preferential upregulation of both NORAD and PPIA in upper-cortical-layer ENs (L2â€“L3 EN (EN-L2-3)Â and L4 EN (EN-L4)) in MS lesion tissue versus deep-cortical-layer excitatory and inhibitory neurons (L5â€“L6 EN (EN-L5-6) and IN-SST). For all t-SNE and violin plots, data are shown from 9 control and 12 MS samples. For t-SNE plots, data from 48,919 nuclei are shown. For L2â€“L3 EN, L4 EN andÂ L5â€“L6 EN violin plots, data are shown from 6,120, 3,125 and 3,058 nuclei. Box plots inside violin plots represent median and standard deviation of gene expression. b, Visualization of enriched GO terms in L2â€“L3 EN, L4 EN and L5â€“L6 EN cells based on DGE analysis (linear mixed model regression). Binomial test with FDR correction was used to calculate FDR-corrected P values using genes differentially expressed in L2â€“L3 EN, L4 EN and L5â€“L6 EN nuclei (nÂ =Â 428, 364 and 327, respectively).


Extended Data Fig. 3 Cortical neuron and lymphocyte subtype analysis in MS lesions.
a, t-SNE plots for neuron subtype specific expression of RORB, THY1, NRGN, SST, SV2C and PVALB (left). LAST (control, nÂ =Â 5) showing layer-specific expression of neuronal RORB in intermediate cortical layer 4 and widespread expression of pyramidal neuron marker THY1 with enrichment in layer 5; note that SST-expressing INs preferentially map to deep-cortical layers. Co-expression studies (control, nÂ =Â 5) with SYT1 confirm neuronal expression of RORB, THY1 and SST (black arrowheads). b, Heat map with hierarchical clustering of lymphocyte-associated transcripts allowing subclustering of lymphocytes in T cells, B cells and plasma cells based on marker gene expression (top left). t-SNE plots for typical BÂ cell (plasma cell) and T cell marker genes enriched in lymphocyte clusters (top right). Immunohistochemistry for T cell adapter protein SKAP1 (black arrowheads mark SKAP1+ T cells) together with spatial transcriptomics for B-cell-associated IGHG1 encoding immunoglobulin G1 (IgG1) (magenta arrowheads; bottom left); note increased expression of the plasma cell-associated marker geneÂ MZB1 (topÂ left) andÂ preferential enrichment of MZB1+ and IGHG1-expressing plasma cells (white arrowheads, bottom right) in inflamed meningeal tissue versus mixed T and B cell infiltration in perivascular cuffs of subcortical lesions (bottom). One caveat to these findings is the relatively small number of MS tissue samples, which limited our ability to cluster T cell populations. For t-SNE plots (a, b) and hierarchical clustering (b), data are shown from 9 control and 12 MS samples. For t-SNE plots, data shown for all 48,919 nuclei; for hierarchical clustering, data are shown from 53 nuclei in the B cell cluster. For in situ hybridization and immunohistochemistry experiments in b, representative images shown from individual tissue sections (control, nÂ =Â 4; MS, nÂ =Â 7).


Extended Data Fig. 4 Astrocyte and oligodendrocyte cluster analysis and spatial transcriptomics in MS lesions.
a, Differential spatial expression patterns of astroglial GFAP in subcortical versus cortical demyelination by immunohistochemistry (left); t-SNE plots visualizing astrocyte-specific genes corresponding to all (RFX4), protoplasmic (SLC1A2, GPC5) and fibrousÂ orÂ reactive astrocytes (GFAP, CD44). Quantification of RFX4+ in situ hybridization signals per nuclei in GM and WM of control samples validates RFX4 as a canonical astrocyte marker (control, nÂ =Â 5); quantification of GPC5+ and CD44+ in situ hybridization signals per RFX4+ astrocytes validates GPC5 as protoplasmic GM and CD44 as fibrous WM marker. Two-tailed Mannâ€“Whitney U-tests were performed. Data are meanÂ Â±Â s.e.m. b, Upregulation of astroglial CRYAB, MT3 (black arrowheads) and endothelin type B receptor transcript EDNRB (white arrowhead) in reactive astrocytes in subcortical lesions. c, t-SNE plots showing OL-specific expression of myelin-encoding genes MBP, CNP and transcription factor ST18; note co-expression of ST18 with PLP1 in control WM by in situ hybridization. d, Visualization of enriched GO terms in myelinating OLs based on DGE analysis. Binomial test with FDR correction was used to calculate FDR-corrected P values using 151 genes differentially expressed in OLs. e, Co-expression spatial transcriptomic studies confirming upregulation of heat-shock protein 90 transcript HSP90AA1 in both progenitor (PDGFRA-expressing) and myelinating (PLP1-expressing) OLs at lesion rims (PPWM, black arrowheads).Â The black asteriskÂ indicates a blood vessel. For t-SNE and violin plots, data shown from 9 control and 12 MS samples. For astrocyte violin plots, 1,571 control and 3,810 MS nuclei are shown. Box plots inside violin plots represent median and standard deviation of gene expression. For in situ hybridization and immunohistochemistry experiments, representative images from from three control and four MS individual tissue sections are shown.


Extended Data Fig. 5 Cluster analysis of activated and phagocytosing microglia subtypes.
Hierarchical cluster analysis identifies several homeostatic and activated MS-specific microglia subtypes according to inflammatory lesion stages allowing transcriptomic staging of microglia subtypes. Clusters with enriched genes are marked and annotated aâ€“f (see Supplementary Table 7 for gene list). Note that phagocytosing cells are identified by presence of OL and myelin-associated encoded genes (cluster f at the bottom ofÂ the heat map).


Extended Data Fig. 6 PCR for rat Mbp from myelin preparation.
a,Â Representative Coomassie stain of brain homogenate (Hom.) and purified myelin (P.M.) from adult rat brain (left). Western blots for myelin basic protein (Mbp), Mog, synaptophysin (Syp) and neurofilament heavy molecular weight (NF-H) (centre). PCRs of myelin basic protein (Mbp) and synaptophysin (Syp) transcripts in brain homogenate and purified myelin fractions (right). b, Densitometric quantification of myelin and homogenates prepared from nÂ =Â 4 independent rat hemispheres for Coomassie (total protein), western blot proteins and PCRs shown in a of purified myelin fractions normalized to their respective homogenates. Data are medianÂ Â±Â s.e.m. of the four biological replicates. Similar results were obtained with brain homogenate and purified myelin fractions not used in this study. P values were calculated from Studentsâ€™s two tailed t-test with Welchâ€™s correction. PÂ <0.05 was considered significant.
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