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Abstract 8 

The cuprizone model is a well-characterized model to study processes of demyelination and 9 

remyelination, which are known features of multiple sclerosis. Cuprizone induces 10 

oligodendrocyte loss and severe demyelination in the brain, including the corpus callosum, 11 

hippocampus, and cortex. Loss of oligodendrocytes and myelin is accompanied by microgliosis 12 

and astrogliosis, wherein microglia and astrocytes partially lose their homeostatic functions and 13 

acquire a reactive/activated state. Cuprizone-induced demyelination peaks later in grey matter 14 

(GM) than in white matter (WM), and remyelination is more efficient in WM areas. Here, we aim 15 

to better understand regional diversity in microglia, astrocytes, and oligodendrocytes and their 16 

respective role in remyelination efficiency, by characterizing their response to cuprizone across 17 

brain regions. We applied spatial transcriptomics (ST) for unbiased gene activity profiling of 18 

multiple brain regions in a single tissue section, to identify region-associated changes in gene 19 

activity following cuprizone treatment. Gene activity changes were detected in highly abundant 20 

cell types, like neurons, oligodendrocytes, and astrocytes, but challenging to detect in low-21 

abundant cell types such as microglia and oligodendrocyte precursor cells. ST revealed a 22 

significant increase in the expression of astrocyte markers Clu, Slc1a3, and Gfap during the 23 

demyelination phase in the WM fiber tract. In the cortex, the changes in GFAP expression were 24 

less prominent, both at the transcriptional and protein level. By mapping genes obtained from 25 

scRNAseq of FACS-sorted ACSA2-positive astrocytes onto the ST data, we observed astrocyte 26 

heterogeneity beyond the simple classification of WM- and GM-astrocytes in both control and 27 

cuprizone-treated mice. In the future, the characterization of these regional astrocyte 28 

populations could aid the development of novel strategies to halt the progression of 29 

demyelination and support remyelination. 30 
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 33 

Highlights 34 

1 Astrocyte markers Clu, Slc1a3, and Gfap are increased in WM fiber tracts during 35 

demyelination  36 

1 Expression dynamics of astrogliosis markers Gfap and Vim during de-and remyelination 37 

depend on the brain region 38 

1 Combining scRNAseq with ST data revealed astrocyte heterogeneity beyond WM- and 39 

GM-differences  40 

1 scRNAseq-identified gene sets were differently affected by cuprizone treatment across 41 

brain regions 42 

 43 
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Introduction 44 

Multiple sclerosis (MS) is an immune-mediated neurodegenerative disease of the central 45 

nervous system (CNS). Hallmarks of MS include the presence of demyelinated lesions, 46 

inflammation, astrogliosis, and microgliosis (Lucchinetti et al., 2000; Schirmer et al., 2021). 47 

Microglia and astrocytes are important regulators of brain homeostasis and studies reported 48 

different roles of these cell types in MS progression (Guerrero & Sicotte, 2020; Ponath et al., 49 

2018; Yong, 2022). Inflammatory processes induced by the activation of microglia and reactivity 50 

of astrocytes can be beneficial in MS, contributing to brain homeostasis via the control of iron 51 

metabolism and by providing neurotrophic support (Waller et al., 2016; Yong, 2022). However, 52 

during MS-related inflammation, microglia and astrocytes release substances that promote 53 

inflammation and neurotoxicity, leading to tissue damage and hindering the remyelination 54 

process by inhibiting the differentiation of oligodendrocyte-precursor cells (OPCs) (Traiffort et 55 

al., 2020). 56 

Previous studies have identified regional heterogeneity of glial cell types in the adult mouse 57 

brain (Bayraktar et al., 2020; Marques et al., 2016; Schirmer et al., 2021; Tan et al., 2020). Using 58 

single-cell RNA sequencing, distinct astrocyte subpopulations were identified in the cortex 59 

compared to the hippocampus, cerebellum, thalamus, and hypothalamus (Lee et al., 2022; Tan et 60 

al., 2020). Microglia also differed in their number, morphology, and molecular signature across 61 

mouse brain regions (Lee et al., 2022; Tan et al., 2020). In addition, OPCs and mature 62 

oligodendrocytes (OLs) showed functional differences in distinct brain regions (Lentferink et al., 63 

2018). Grey matter (GM) neonatal rat OPCs were less mature and possessed a higher 64 

proliferating capacity compared to white matter (WM) OPCs (Lentferink et al., 2018). 65 

Differences between regional glial subpopulations may lead to various responses of these 66 

subpopulations to pathological stimuli, highlighting the importance of understanding regional 67 

heterogeneity in the context of MS (Werkman et al., 2021). 68 

Current studies on glial cell heterogeneity in MS or MS mouse models usually investigate one 69 

selected brain region, such as the spinal cord, cortex, or cerebellum (Bayraktar et al., 2020; 70 

Trobisch et al., 2022). Advancements in molecular technologies have recently enabled us to 71 

study gene expression profiles within a tissue section that contains multiple different brain 72 

regions (Ståhl et al., 2016). Ståhl et al. were the first to add this spatial component to RNA-73 

sequencing technologies in 2016 at a spot resolution of 100 µm with spatial transcriptomics 74 

(ST). ST has contributed to a better understanding of the regional molecular changes in 75 

experimental autoimmune encephalitis (EAE), Alzheimer’s disease (AD), and amyotrophic 76 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 8, 2024. ; https://doi.org/10.1101/2024.03.04.583308doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.04.583308
http://creativecommons.org/licenses/by-nc/4.0/


3 

 

lateral sclerosis (ALS) mouse models (Chen et al., 2020; Gadani et al., 2023; Maniatis et al., 77 

2019), however, no demyelination mouse models have been studied so far using ST.  78 

The cuprizone mouse model is a well-established model to study demyelination and successful 79 

remyelination processes (Leo & Kipp, 2022). Cuprizone is a copper-chelating reagent causing 80 

oligodendrocyte cell death in the mouse brain, resulting in demyelination. Demyelination is 81 

induced from the start of cuprizone treatment and is associated with astrogliosis and 82 

microgliosis (Gudi et al., 2014). Utilizing immunohistochemistry, demyelination and astrocyte 83 

reactivity are detectable from week 3 (Gudi et al., 2014). OPC proliferation and migration starts 84 

from week 3-4 after cuprizone induction. Subsequently, OPCs undergo differentiation into 85 

myelinating OLs at approximately week 5 (Gudi et al., 2014). When the cuprizone diet is 86 

discontinued, after week 5, this allows for the completion of the spontaneous remyelination 87 

process (Gudi et al., 2014; Leo & Kipp, 2022). Astrocyte responses to cuprizone-induced injury 88 

can hinder or promote remyelination by modifying the environment for oligodendrocytes and 89 

microglia-astrocyte crosstalk (Gorter & Baron, 2022), indicating that glial interactions play a 90 

crucial role in this process. 91 

In this study, we used brain tissue sections derived from the cuprizone mouse model on the ST 92 

platform. Our goals were to 1) identify alterations in gene expression during de- and 93 

remyelination, 2) investigate the regional gene expression changes of glia cell type markers 94 

during de- and remyelination, and 3) examine if brain regions are differently affected by 95 

cuprizone treatment.  96 

Materials and methods 97 

Animals 98 

C57BL/6J-Cx3cr1tm2.1(cre/ERT2)Litt Gt(ROSA)26Sortm14(CAG-tdTomato)Hze mice were used 99 

for all experiments. These mice were bred in-house on a C57BL/6J background. All mice in the 100 

study should express one copy of the tomato reporter since the breeding pair expressed the 101 

gene in a homozygous manner. Genotypes of the offspring were verified using PCR on a 102 

randomized basis. All animal experiments were approved by the national central authority for 103 

scientific procedures on animals (CCD) and performed following ethical regulations (Permit# 104 

AVD105002015360). To activate cre-recombinase and express the tomato reporter in Cx3cr1 105 

expressing cells, 6-week-old animals were treated twice with 500 mg/kg body weight tamoxifen 106 

(Sigma-Aldrich, cat# T5648-5G) dissolved in corn oil (Sigma-Aldrich, cat# C8267-500ML), 107 

administered via oral gavage. 108 
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Cuprizone mouse model 109 

Cuprizone-induced oligodendrocyte intoxication was applied temporarily to the mice, which 110 

models the process of demyelination and successful remyelination. Demyelination was induced 111 

in 8-week-old male mice via a 0.2% w/w cuprizone diet (Sigma-Aldrich, cat# C9012-25G). The 112 

diet was freshly prepared by mixing cuprizone with standard powder food and water, and 113 

stored for up to one week at -20 °C. Animals were fed with this homemade chow three times a 114 

week, which they could eat ad libitum. Control animals received chow prepared similarly, 115 

lacking cuprizone. The experimental groups were early demyelination (3-week cuprizone diet), 116 

complete demyelination (5-week cuprizone diet), and remyelination (2-week withdrawal of the 117 

cuprizone diet). Brains were collected under deep anesthesia (4% isoflurane with 7.5% O2) 118 

after transcardial perfusion with 20 mL PBS. Experiments were performed in two batches. The 119 

mouse brains of the first batch were further processed for ST (n = 2) and astrocyte 120 

immunohistochemistry (n = 3). Subsequently, the brains of the second batch were used for acute 121 

astrocyte isolation and single-cell sequencing, where in one sample, the brains of 5 mice were 122 

pooled. 123 

Spatial transcriptomics 124 

Directly after collection, brains were sectioned at bregma +1 and -3 and along the coronal plane, 125 

after which half of the brain was placed in a 10 by 10 mm plastic mold filled with OCT (Tissue-126 

Tek, cat. no. 4583). Subsequently, the dissected mouse brain regions were fresh-frozen using 127 

cold isopentane (2-methylbutane; Fisher Scientific, cat. no. 10542331) and stored at -80C. This 128 

procedure was performed as quickly as possible to maintain tissue morphology and RNA 129 

integrity. To generate spatial gene expression profiles, the OCT-embedded mouse brains, ST 130 

glass slides, and a clean blade were pre-cooled in the cryostat chamber for 30 minutes. 131 

Subsequently, 16 µm thick cryosections were attached to the capture areas of an ST microarray 132 

slide. The size of a coronal section of one mouse brain hemisphere exactly fits the capture area of 133 

6,2 by 6,6 mm. We cut the mouse brains in coronal sections between bregma -0.5 and -2 since 134 

most cuprizone-induced damage in the corpus callosum is expected in this region (Steelman et 135 

al., 2012). Each slide contains up to 6 sub-arrays, filled with 1007 spatial spots containing 136 

barcoded oligo dT probes. The spatial spots have a diameter of 100 µm and a spot-to-spot 137 

distance of 200 µm. ST was performed according to the protocol described previously (Salmén et 138 

al., 2018). Briefly, sections were post-fixed with 4% formaldehyde for 10 minutes and 139 

histologically stained with Dako Mayers hematoxylin (Agilent, cat. no. S3309) (4 minutes) and 140 

eosin Y (Sigma-Aldrich, cat. no. HT110216). The HE-stained tissues were imaged in black and 141 

white with a confocal microscope (Zeiss Cell Discoverer 7) and in color using a high-content 142 
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fluorescence Widefield microscope (TissueFaxs). A scratch was made on the slide with a 143 

diamond pen to facilitate image alignment with spatial spots. Pre-permeabilization was 144 

performed with collagenase I (Gibco; Thermo Scientific, cat. no. 17018-029) for 20 minutes. 145 

Followed by permeabilization with pepsin (Sigma-Aldrich, cat. no. P7000-25G) for 10 minutes. 146 

Note; permeabilization enzyme and duration were optimized for brain tissue in advance using a 147 

tissue optimization slide. During permeabilization, the poly-A tail of the RNA molecules attaches 148 

to the oligo dT capture site. These probes also contain a unique spatial barcode, which is crucial 149 

for retaining spatial information. All pipetting steps in this protocol with RNA were performed in 150 

a flow cabinet that was cleaned with DNA and RNAse away, to protect the sample from 151 

contamination and keep the RNA intact. Subsequently, superscript III (Invitrogen; Thermo 152 

Fisher, cat. no. 18080085) was used for reverse transcription of the RNA overnight. The next day 153 

tissues were removed from the slide using proteinase K (Qiagen, cat. no. 19131) and cDNA was 154 

released from the glass slides and collected in low-binding tubes for cDNA purification and 155 

second-strand synthesis. The spatial spots on the slides were visualized with a Cy3 fluorophore. 156 

This fluorescent signal was imaged using the confocal microscope (Zeiss Cell Discoverer 7). 157 

Fluorescent and bright field images were aligned using Adobe Photoshop. Next, the cDNA was in 158 

vitro transcribed to RNA, amplified, and purified and RNA adapters were attached. Amplified 159 

RNA was transcribed to cDNA again for further construction of a sequencing library. Based on 160 

qPCR we proceeded with the indexing PCR for 10 cycles for slide 1 and 7 cycles for slide 2. After 161 

indexing PCR, the libraries were purified and concentrations were quantified using Qubit 162 

fluorometer (Invitrogen, cat. no. 33216) with a dsDNA HS Assay Kit (Invitrogen, cat. no. Q32854) 163 

and tapestation (Agilent 2200 TapeStation system) with high sensitivity kit (High Sensitivity 164 

D5000 ScreenTape, 5067- 5592) and (High Sensitivity D5000 Reagents, 5067- 5593). 1.1 pM of 165 

the library was loaded on an Illumina NextSeq 500 Sequencing System in the UMCG sequencing 166 

facility, and run using a NextSeq 500/550 High Output Kit v2.5 with 75 cycles (Illumina, 167 

20024906). 168 

Immunohistochemistry 169 

Mice from the same batch were used either for ST or for immunohistochemistry. 4% PFA-fixed 170 

frozen mouse brains were sectioned at a thickness of 16 µm between bregma -0.5 and 2. This 171 

region was selected since most cuprizone-induced demyelination is expected from bregma -0.5 172 

(Steelman et al., 2012). Sections were stained using immunohistochemistry. For this method, 173 

heat-induced antigen retrieval with sodium citrate (pH = 6) was applied to unmask the epitopes. 174 

Next, sections were washed with PBS and incubated with 0.3% H2O2/PBS to block endogenous 175 

peroxidases for 30 minutes. Fc receptor blocking was performed for 1 hour using 5% normal 176 

goat serum (GFAP staining) or 5% horse serum (MOG staining) dissolved in PBS with 0.3% 177 
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Triton X-100. After washing with PBS, sections were incubated overnight at 4 °C with the 178 

primary antibody: GFAP (Agilent/Dako, z033420-2, dilution 1:750) or MOG (Sigma-Aldrich, 179 

AMAB91067, dilution 1:1000) in PBS containing 1% normal goat serum (GFAP staining) or 1% 180 

horse serum (MOG staining) and 0.3% Triton X-100. The next day, sections were washed with 181 

PBS and incubated with a biotinylated secondary antibody: goat-anti-rabbit (Vector, BA1000, 182 

dilution 1:400) or horse-anti-mouse (Vector, BA2001, dilution 1:200), followed by a 30-minute 183 

incubation with the ABC solution (Vectastain elite kit, PK-6100). After rinsing with PBS, the 184 

sections were incubated for 10 minutes in DAB and 0.03% H2O2 (GFAP staining) or 5 minutes in 185 

DAB and 1.5% H2O2 (MOG staining). Finally, the sections were dehydrated and mounted with 186 

DepeX (Serva, 18243). Images were acquired using a NanoZoomer 2.0-HT Digital slide scanner 187 

C9600 (Hamamatsu Photonics). For quantification, per animal a 40x zoomed image of the cortex 188 

and corpus callosum (1 image per region) was converted to grayscale (8-bit images), and the 189 

percentage of GFAP positive pixels was measured by FIJI. 190 

Acute astrocyte isolation 191 

Astrocytes were enzymatically isolated from fresh mouse brains (without cerebellum and 192 

olfactory bulb) (n = 5 mice per group). Brain tissues were mechanically dissociated on a glass 193 

slide on ice using a knife until a cell suspension was obtained. This was transferred to a tube 194 

containing enzyme solution with 2 mL PBS, 20 mg Protease from Bacillus licheniformis (Sigma 195 

Aldrich, cat# P5380-1G) and 20 µL L-cysteine, incubated on ice for 15 minutes while mixing 196 

every 5 minutes. After enzymatic dissociation, the single cell suspension was passed through a 197 

100 µm cell strainer (Corning, cat# 21008-950), filled up with 15 mL enriched HBSS. Cells were 198 

pelleted by centrifugation for 10 min, 300 RCF at 4 C. Myelin was removed by 24% Percoll 199 

(Fisher Scientific, cat# 17-0891-01) and PBS density gradient centrifugation for 20 min, 950 RCF 200 

at 4 C, the pellet contains a mixture of glial cells. The cells were passed through a 35-μm nylon 201 

mesh, collected in round bottom tubes (Corning, cat# 352235), and sorted using a Beckman 202 

Coulter MoFloAstrios cell sorter. Fc receptors were blocked using cd16/cd32 monoclonal 203 

antibody (eBioscience, USA) for 10 minutes on ice. Subsequently, cells were incubated for 20 204 

min on ice with anti-mouse ACSA2-APC (Miltenyi Biotec, USA). Astrocytes were sorted based on 205 

ACSA2 positive, DAPI negative, and tomato negative signals. The gating on DAPI was used to 206 

exclude damaged cells and on tomato to exclude Cx3cr1-expressing cells. 30,000 sorted cells 207 

derived from 5 mice were pooled in 5 µL HBSS without phenol red and directly loaded on a chip 208 

for single-cell RNA sequencing (scRNA-Seq). 209 

 Single-cell RNA sequencing of astrocytes 210 
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The 10X Genomics platform was used for scRNAseq, performed according to the Chromium 211 

single cell 3’ reagent kit v2 user guide. Approximately 30,000 sorted cells were transferred to a 212 

microfluidic chip derived from the Chromium single cell A Chip Kit (10X Genomics, cat# 213 

120236). Additionally, the chip was filled with a master mix for cDNA synthesis, partitioning oil, 214 

and gel beads. Cell lysis and cDNA synthesis occurred within the GEMs and subsequently, GEMs 215 

were lysed using a recovery agent followed by library preparation using a Chromium single cell 216 

3’ Library & Gel Bead Kit v2 (10X Genomics, cat# 120237). cDNA amplification required 12 and 217 

indexing required 14 PCR cycles. Samples were sequenced on an Illumina NextSeq 500 218 

Sequencing System with NextSeq 500/550 High Output Kit v2.5 (75 cycles) (Illumina, cat# 219 

20024906). We loaded 1.8 pM of the library with 5% PhiX. 27 base pairs (bp) were used for read 220 

1 and 56 bp for read 2 with indexes consisting of 9 bp. 221 

Data processing (spatial transcriptomics) 222 

Using transparency channels, the bright field stained images (HE) and fluorescent images (Cy3) 223 

were aligned using Adobe Photoshop CS6. Using the open-source ST Pipeline (Navarro et al., 224 

2017), the raw sequencing reads were processed with default settings. Reads were aligned to 225 

the genome reference Ensembl GRCm38 and reference Mouse GenCode release M31. Count 226 

matrices were filtered to contain only protein-coding, long-non-coding-intergenic, and antisense 227 

genes. Per the sample, the next filtering was to keep only those spatial spots located inside the 228 

tissue using the file generated by image alignment. The count data of all sections was merged 229 

into one Seurat object. In terms of quality criteria, spatial spots containing at least 100 features 230 

and less than 35% mitochondrial genes were included in downstream analysis. 231 

Dimensionality reduction and clustering (spatial transcriptomics) 232 

The filtered expression matrix was processed using Seurat with default parameters 233 

(v.4.0.4)(Hao et al., 2021). Log-normalization was first performed and followed by 234 

FindVariableFeatures using selection.method=”vst” and default settings. Data was scaled and 235 

centered using the function ScaleData(). Principal component analysis was performed using 236 

RunPCA() calculating the top 50 dimensions. Next, clustering was performed using functions 237 

FindNeighbors(), FindClusters(), and RunUMAP(), using dimensions 1:30 and a resolution of 0.4 238 

in addition to default parameters. 239 

Manual region annotation (spatial transcriptomics) 240 

A custom R shiny app was developed to annotate each spot manually with the labels “cortex”, 241 

“WM fiber tract” and “hippocampus” based on the HE images. The WM fiber tract was defined as 242 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 8, 2024. ; https://doi.org/10.1101/2024.03.04.583308doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.04.583308
http://creativecommons.org/licenses/by-nc/4.0/


8 

 

corpus callosum plus the myelin fiber tracts in other regions. The remaining spots were 243 

annotated as “not specified”. 244 

Region gene set annotation (spatial transcriptomics) 245 

Raw counts were log-normalized using Seurat. A list of region-specific gene sets for 9 different 246 

brain regions was retrieved from Lein et al., 2007 (Table S2). We manually selected genes that 247 

are known to be enriched in WM fiber tracts (provided in Table S2). Next, we applied the 248 

AddModuleScore function from Seurat per region gene set and plotted the module score. 249 

Observations with a module score > 0.1 were considered as having a positive module score. 250 

Spots without a positive module score were annotated as “unidentified”. Some ambiguous spots 251 

had positive scores for multiple gene sets, likely reflecting spots on the border of anatomical 252 

brain regions. In this scenario, we annotated the spot to the region with the highest module 253 

score. 254 

Combinatorial approach for region annotation (spatial transcriptomics) 255 

We initiated the combinatorial approach by comparing three methods for region annotation, 256 

namely manual annotation, clustering, and region genesets. This comparison was specifically 257 

conducted for the WM fiber tract, as this region exhibits the most easily identifiable cuprizone-258 

induced injury. The comparison indicated that the manual annotation and clustering methods 259 

exhibited the highest level of agreement in annotating spots to the WM fiber tract. Spots were 260 

assigned to the WM fiber tract if they were annotated as such by either the manual or the 261 

clustering method (utilizing a full outer join of the Venn diagram). This means that the 262 

combinatorial approach accounted for both methods and encompassed the union of their 263 

respective results. The same combinatorial approach was applied for the hippocampus and 264 

cortex category. Ambiguous spots at the border of brain regions, where manual and clustering 265 

methods differ, were analyzed twice for region averages: once as belonging to the manually 266 

annotated region and once according to the clustering region. The combinatorial approach was 267 

used to calculate the mean expression of a gene/gene set per region or for pseudobulk analysis. 268 

Pseudobulking (spatial transcriptomics) 269 

Per sample, we extracted the spatial spots that were likely to reflect a gene expression profile 270 

from WM fibers using the combinatorial approach for region annotation. The extracted spatial 271 

spots were either annotated by eye to be located within WM fibers or by clustering defined to be 272 

part of the WM fiber cluster. Next, we summed the UMI counts of the spots belonging to a given 273 

sample creating a pseudobulk. Principal component analyses were computed on variance-274 
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stabilizing-transformed pseudobulked count data using the ‘prcomp’ function. The input for PCA 275 

consisted of the top 2000 most variable genes. 276 

Differential expression analysis (spatial transcriptomics) 277 

Genes were removed if they were not expressed in at least 5% of the spots. To compute 278 

differentially expressed genes in WM fibers between cuprizone and control mice, while 279 

accounting for sample- and slide-related variability, we applied linear mixed models with the 280 

formula: ~ group + (1|sample_id) + (1|slide_number) using the R package variancePartition 281 

(v1.20.0) (Hoffman & Roussos, 2021). The count and metadata information for the model were 282 

provided on the spot level. “Group” represented the cuprizone treatment condition. Control mice 283 

(n = 2) were set as the reference group. Hypothesis tests were performed with t-tests based on 284 

Satterthwaite's method. P-values were adjusted for multiple comparisons using the Benjamini & 285 

Hochberg method. Genes were defined as differentially expressed when the log2 fold change was 286 

> 0.5 or < -0.5 and the adjusted p-value was < 0.05. This log2 fold change threshold was chosen 287 

as an intermediate value between the conventional threshold used in bulk RNA sequencing (>1) 288 

and scRNAseq (>0.25). 289 

Gene set enrichment (spatial transcriptomics) 290 

The differentially enriched genes, defined as changes with a log2 fold change > 0.5 and adjusted 291 

p-value < 0.05 in the pairwise comparisons D3-C, D5-C, R-C, D5-D3, R-D5, were given as a list for 292 

gene set enrichment using the web tool: 293 

https://www.flyrnai.org/tools/single_cell/web/enrichment. “Mouse” was used as the selected 294 

input gene species and “Gene Symbol” as the gene identifier. The “Brain_mm_Rosenberg” was 295 

used as a reference data set (Rosenberg et al., 2018), and the top marker genes per cell type 296 

were set to “Top 100”. The enrichment p-value was based on a hypergeometric distribution (Hu 297 

et al., 2021) and illustrated using the negative log10 of the p-value. 298 

Module scores (spatial transcriptomics) 299 

Raw counts were log-normalized using Seurat. We applied the AddModuleScore function per 300 

gene set (e.g. PANreactive astrocyte gene set, scRNAseq-derived astrocyte cluster marker sets, 301 

others). To construct a spatial plot per gene set module score ggplot2 was used. Identical 302 

procedures were applied for spatial transcriptomics data from ST and Visium platforms. 303 

PANreactive, neuroinflammatory, and neuroprotective astrocyte gene sets were derived from 304 

Liddelow et al., 2017 and are provided in Table S2. 305 

Data processing (single-cell RNA sequencing) 306 
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Raw reads were aligned to the GRCm38 genome for mouse samples, using Cell Ranger (v3.0.0) 307 

with default settings. Raw count files were loaded into R (v3.6) and barcode filtering was 308 

performed with thresholds at >600 unique molecular identifiers (UMIs) for mouse cells (Lun et 309 

al., 2019). The multiplet rate mentioned in the 10x Genomics User Guide was used to set an 310 

upper threshold per sample for the number of UMIs per cell and remove doublets. Additionally, 311 

7 small clusters of contaminating, non-astrocyte cell types were identified and removed from the 312 

data. Cells with a mitochondrial content >5% were removed from the dataset. There was only 313 

one count file per sample (n = 1), but a sample represented pooled astrocytes from the brains of 314 

5 mice. For the mouse dataset, count files from different conditions were merged into one and 315 

further analyzed with Seurat.  316 

Dimensionality reduction and clustering (single-cell RNA sequencing) 317 

The data were normalized by dividing the counts of each gene by the total sum of counts per cell 318 

and multiplied by a scale factor of 10,000 and log-transformed. Highly variable genes (HVGs) 319 

were calculated using the FindVariableFeatures function with selection.method = vst. The data 320 

was scaled and confounding variation associated with the number of UMIs and mitochondrial 321 

and ribosomal content was regressed out. Principal component analysis was performed using 322 

Seurat RunPCA() calculating the top 20 dimensions. Single astrocytes were clustered using 323 

functions FindNeighbors(), FindClusters(), and RunUMAP(), using dimensions 1:18 and a 324 

resolution of 0.7 in addition to default parameters. Cluster markers were computed using 325 

FindAllMarkers with only.pos = TRUE, test.use = "MAST" in addition to default parameters. 326 

These cluster markers were used to plot cluster module scores in the ST data. Gene ontology 327 

(GO) analysis was performed with Metascape, v3.5.20230501, at the interactive web tool 328 

metascape.org using default settings. 329 

Differential abundance testing of astrocyte subpopulations (single-cell RNA sequencing) 330 

To assess the differential abundance of astrocyte subpopulations in the single-cell data, we 331 

employed scCODA (v0.1.9), which utilizes a Bayesian framework for joint modeling of all 332 

measured cell-type proportions, as opposed to treating them individually (Büttner et al., 2021). 333 

The nature of our one-sample dataset, consisting of pooled astrocytes from the brains of 5 mice, 334 

rendered traditional frequentist tests infeasible. However, with the Bayesian approach offered 335 

by scCODA, it is possible that one-sample datasets can attain significance, in specific scenarios 336 

where very large increases (e.g. absolute increases of 2000 cells in case versus control) are 337 

measured in abundant cell types (Büttner et al., 2021). In our analysis, we designated astrocyte 338 

cluster 10 as the reference cell type. scCODA automatically selected this cluster due to its 339 

minimal total dispersion, indicating its suitability as a reference. The false-discovery rate (FDR) 340 

level was adjusted to 0.2 instead of the nominal FDR 0.05 to increase the sensitivity for the low-341 
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replicate scenario, however, at the cost of a higher false discovery rate. For this reason, at FDR 342 

0.2 we did not interpret the scCODA-inferred ‘credible effects’  or conclude any significance, but 343 

we used the scCODA-inferred ‘Final parameter’ and ‘log2 fold changes’ to rank the largest 344 

differences in cluster abundance.  345 

Average module scores per brain region (spatial transcriptomics) 346 

To generate a line graph representing the average expression of a gene or gene set per region, 347 

we used the region annotation obtained through the combinatorial approach (IV), as explained 348 

earlier. The gene expression for spatial spots in a given region was averaged per sample and 349 

depicted as individual data points. In addition, gene expression or module scores in individual 350 

spots for a given region (e.g. hippocampus) were averaged per condition (control, D3, D5, and R) 351 

and depicted as a horizontal line.  352 

Visium spatial transcriptomics  353 

High-resolution spatial gene expression data and corresponding fluorescent images were 354 

obtained from  https://www.10xgenomics.com/resources/datasets/adult-mouse-brain-section-355 

1-coronal-stains-dapi-anti-neu-n-1-standard-1-1-0. This data derived from publicly available 356 

datasets provided by 10x Genomics. The fresh-frozen coronal adult mouse brain section was 357 

processed using the Spatial 3’ v1 chemistry and stained with anti-NeuN (indicated in red) and 358 

DAPI (indicated in blue). Module scores for astrocyte cluster gene sets were computed and 359 

visualized as described above for the other ST data. 360 

Results 361 

Characterization of demyelinated regions in cuprizone-treated mouse brains using spatial 362 

transcriptomics 363 

To investigate gene expression changes related to successful de- and remyelination, we applied 364 

ST to an acute cuprizone mouse model. Mice were fed with a normal diet (C) or cuprizone for 3- 365 

(D3) or 5 weeks (D5) to induce demyelination, then followed by 2 weeks on a normal diet to 366 

allow for remyelination (R). Additional sample information is provided in Table S1. Coronal 367 

mouse brain sections of one hemisphere between bregma -0.5 and -2 were placed on the capture 368 

area of barcoded slides for spatial gene expression analysis (Fig. 1A). The spatial spots have a 369 

diameter of 100 µm and spot-to-spot distance of 200 µm, resulting in averaged gene expression 370 

profiles of approximately 10-30 cells per spot (Fig. 1A). The brain sections were stained with 371 

hematoxylin-eosin (HE) to provide spatial orientation in the tissue (Fig. 1B). In our spatial spot 372 

gene expression profiles, approximately 2000 genes and 4000 unique transcripts were detected 373 

per spot (Fig. S1A-B). These numbers of genes and transcripts were comparable to the original 374 

protocol (Salmén et al., 2018; Ståhl et al., 2016) that identified 1500 genes and 3000 unique 375 
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transcripts per spot in the mouse olfactory bulb. In addition, we detected on average 15% of 376 

reads derived from mitochondrial genes and 4% of ribosomal genes, equally distributed across 377 

the experimental groups (Fig. S1C-D). Using ST, the detected expression levels of genes 378 

representative for OPCs, homeostatic microglia, and reactive microglia were low in our ST data 379 

(Fig. 1C), impeding the detection of processes related to these cell types such as remyelination. 380 

In contrast, we were able to successfully identify transcriptional markers for neurons, 381 

oligodendrocytes, and astrocytes (Fig. 1C). 382 

First, we validated if the ST technique detected the decreased levels of myelin in the brains of 383 

cuprizone-fed mice. Demyelination in cuprizone-treated mice occurs throughout the whole 384 

brain, however, it is most readily detectable in the WM fiber tract at the protein level (Gudi et al., 385 

2014). We detected a decreased level of the myelin oligodendrocyte glycoprotein (MOG) at 3 and 386 

5 weeks of cuprizone diet, and MOG protein levels were increased after 2 weeks of 387 

remyelination (Fig. 1D). At the RNA level, a similar MOG expression pattern was observed (Fig. 388 

1E). 389 

Next, we performed principal component analysis (PCA) on all spatial spots to assess 390 

(dis)similarities in gene activity detected in ST spots. In the first principal components, spatial 391 

spots did not segregate based on the experimental group, but rather by white versus grey matter 392 

differences as indicated by Plp1 and Nrgn expression levels in the PCA plot (Fig. 1F-G). The 10 393 

genes with the highest absolute loadings for PC1 and PC2 were plotted to investigate the 394 

biological properties associated with these PCs (Fig. 1H). Expression of myelin genes, such as 395 

Plp1 and Mbp, and in reverse direction neuronal-related genes, such as Nrgn and Slc17a7, had 396 

the highest loading on PC1 (Fig. 1H). Neuronal genes were expected to be most abundant in GM 397 

areas, such as the cortex. By mapping genes to spatial locations, we detected that the expression 398 

of neuronal gene Slc17a7 was indeed most abundant in the cortex and less abundant in WM 399 

regions (Fig. 1I). Genes with the highest loading on PC2 included Gfap, suggesting the presence 400 

of reactive astrocytes in a subset of spatial spots (Fig. 1H).  401 

Taken together, using ST with 100 µm resolution we observed cuprizone-induced alterations in 402 

expression levels of the myelin gene Mog, which was validated on protein level. However, based 403 

on PCA, the strongest gene expression variation in the data was related to gene activity 404 

associated with WM and GM areas rather than the experimental group. This indicates that 405 

further evaluation of the cuprizone treatment requires a region-specific analysis of gene activity 406 

using an accurate annotation of anatomical regions. 407 

Methods for annotation of anatomical regions in the mouse brain 408 
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The mouse brain contains different anatomical regions with diversity in cell type composition. In 409 

addition to anatomical heterogeneity, extensive cellular heterogeneity exists within a brain 410 

region, for example, neurons in the multiple cortical layers or the dentate gyrus within the 411 

hippocampus (Batiuk et al., 2020; Bayraktar et al., 2020). We assessed four strategies for 412 

annotating anatomical regions, each method presenting different advantages and limitations. 413 

Accurate annotation of brain regions for spatial spots is crucial to compare the experimental 414 

groups and detect cuprizone-induced changes. The methods evaluated were manual annotation 415 

(I), unbiased clustering (II), region geneset set enrichment (III), and a combinatorial approach 416 

(IV) (Fig. 2A). For method I-III the spatial plots were depicted per region (Fig. 2B). In method I 417 

(manual), we determined the exact bregma point of our samples and compared the histological 418 

HE stainings (Fig. 1B) with the Allen Brain Reference Atlas. We manually annotated the spots 419 

corresponding to the hippocampus, cortex, and WM fiber tract (Fig. S2A). WM fiber tract was 420 

defined as the corpus callosum and myelin fiber tracts in other brain areas. These three regions 421 

were easily recognizable areas by eye based on HE-histology. In this method the anatomical 422 

annotations were not affected by gene expression changes in response to the cuprizone 423 

treatment. However, this annotation method was restricted to identifiable regions, and potential 424 

subjectivity introduced by the observer cannot be excluded. Method II was based on unbiased 425 

clustering of gene activity in spatial spots identifying 13 spatial clusters (Fig. 2B). However, 426 

some clusters could not be clearly identified in all samples, such as the WM fiber tract-associated 427 

cluster 6. These findings suggest that clustering primarily results from regional variation but is 428 

also influenced by treatment-induced alterations in gene activity, observed in the WM fiber tract 429 

(e.g., cluster 6 affected by the cuprizone diet) and by the bregma point (e.g., cluster 5, absent in 430 

some samples) (Fig. 2B). In method III, we spatially plotted region-specific gene sets retrieved 431 

from literature (Lein et al., 2007) for annotation (Fig. 2B). Method III was effective in the 432 

annotation of various distinct anatomical regions and assigned a substantial number of spatial 433 

spots to the WM fiber tract (Fig. 2B, S2B). However, by visual inspection the region geneset 434 

enrichment method tended to assign spatial spots within the cortex to the WM fiber tract, 435 

suggesting this method may be inaccurate for annotating the WM fiber tract (Fig. 2B). Indeed, in 436 

the context of annotating WM fiber tract, the unbiased clustering method had greater overlap 437 

with manual annotation method compared to the geneset enrichment method. This observation 438 

suggests that the clustering method is more accurate than the region gene set enrichment 439 

method to computationally annotate WM fiber tracts (Fig S2C). Summarizing, each method had 440 

inherent advantages and limitations, but all methods added information on the brain region that 441 

corresponded to the separation of spatial spots in principal components 1 and 2 (Fig. S2B).  442 
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To combine the most comprehensive manual annotation of the WM fiber tract with the most 443 

accurate computation method, we applied a combinatorial approach (method IV) wherein 444 

positive spots of either method I (195 positive spots) and method II (110 positive spots) or 445 

double positive spots (216 spots) were annotated to the specific brain region (Fig. 2D). This 446 

method gave a reliable annotation of the WM fiber tract, hippocampus, and cortex in cuprizone 447 

and control mice and allowed for a region-specific analysis of gene activity changes in this study 448 

(Fig. 2D, Fig. S2D-E). 449 

Gene expression dynamics of glia markers in the cuprizone mouse model 450 

Using a combinatorial approach (method IV), we could distinguish gene activity in the WM fiber 451 

tract, hippocampus, and cortex, which was no longer masked by regional heterogeneity (Fig. 452 

S3A). Per region, we investigated the average expression levels of myelin-related, microglial, and 453 

reactive astrocyte genes at different time points of cuprizone treatment. 454 

Based on previous literature, Pdgfra and Dscam were considered OPC markers (Huang et al., 455 

2020; Marques et al., 2016). Detection of OPC markers was limited in ST data, making it 456 

challenging to investigate the dynamics of OPC-related gene expression per region using ST (Fig. 457 

S3A). Opalin, also known as Tmem10, is a marker of myelinating OLs and is highly upregulated 458 

during the early stages of OPC differentiation (de Faria et al., 2019; Marques et al., 2016). In 459 

contrast to other OPC markers, for this gene, some expression signal was detected, with a 460 

slightly higher expression observed in the R group than in the D3 group within the WM fiber 461 

tract (Fig. S3A). This could indicate two scenarios, either the relative abundance of other cell 462 

types is decreased, leading to an increase in detected Opalin transcripts. Alternatively, there 463 

might be a higher proportion of OPCs in the WM fiber tract at the remyelination phase, 464 

contributing to the observed increase in Opalin detection.   465 

Expression of Mal, a marker specific to mature myelinating oligodendrocytes (Kuhn et al., 2019; 466 

Marques et al., 2016), was decreased in D3 compared to C mice and partially returned to control 467 

expression levels at D5 in the WM fiber tract and returned to control expression levels at R 468 

within the cortex and hippocampus (Fig. S3B). Plp1 and Mbp are expressed at multiple stages 469 

during OL differentiation (Kuhn et al., 2019). Mbp is expressed in immature and myelinating 470 

OLs, while Plp1 is expressed in OPCs, immature OLs, and also in myelinating OLs (Kuhn et al., 471 

2019). Plp1 and Mbp had similar gene expression patterns as Mal during cuprizone treatment 472 

(Fig. S3B). The incomplete reduction of these myelin markers at D5 can be explained by the 473 

concurrent processes of de- and remyelination that occur between D3 and D5 (Gudi et al., 2014).  474 
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Expression of microglial genes such as Tmem119 and Itgam was detected at very low levels in 475 

the ST data, hindering the examination of differences in microglia gene expression at different 476 

time points (Fig. 1C, Fig. S3C).  477 

In contrast, a clear increase in the expression of reactive astrocyte genes Gfap and Vim was 478 

observed at D3 in the WM fiber tract and hippocampus compared to controls (Fig. S3D). The 479 

peak in gene expression for Gfap and Vim was earlier in the WM fiber tract (D3) than in the 480 

cortex (D5) (Fig. S3D). Following this peak in expression at D3, expression levels of Gfap 481 

decreased again from D5 in the WM fiber tract and hippocampus but did not return to control 482 

levels. For Vim, the decrease in gene expression after D3 varied per brain region (Fig. S3D). 483 

These results suggest that the expression of genes related to astrogliosis peaks at distinct time 484 

points for different brain regions. 485 

Cuprizone treatment increases the expression of reactive astrocyte-related genes in the WM 486 

fiber tract 487 

Given the observation that alterations in selected glia markers were most noticeable in the WM 488 

fiber tract, we aimed to perform an unbiased differential expression analysis (DEA) within the 489 

WM fiber tract following cuprizone treatment. PCA indicated that the variation in spatial gene 490 

expression profiles within the WM fiber tract was associated with the different experimental 491 

conditions. For example, control mice separated from mice treated with cuprizone for 3 weeks 492 

(D3) (Fig. 3A). Within the WM fiber tract, we detected in total 70 differentially expressed genes 493 

(DEGs) in 5 comparisons (D3-C, D5-C, R-C, D5-D3, R-D5) (Table S3) and two comparisons (D3-C, 494 

R-D5) were summarised in the four-way plot (Fig. 3B). Gene set enrichment of the DEGs within 495 

the WM fiber tract indicated that mostly astrocyte-related DEGs, and few neuronal and myeloid 496 

cell-related DEGs were detected (Fig 3C, Table S4). DEGs identified between control and 497 

cuprizone-fed animals included astrocyte genes such as Clu and Slc1a3 (Fig. 3D, Table S3). Clu 498 

expression was significantly enriched in both D3 and R versus control WM fiber tracts (Table 499 

S3). Slc1a3 was enriched in the D3 versus control WM fiber tracts (Table S3). 500 

To get insight into the role of these astrocytes in de- and remyelination, gene sets of known 501 

pathological astrocyte subpopulations were plotted onto our spatial data. No differences in the 502 

gene expression of markers associated with inflammatory (e.g. Ggta1, Fbln5, etc.) (Liddelow et 503 

al., 2017) or neuroprotective astrocytes (e.g. Clcf1, S100A10, etc.) (Liddelow et al., 2017) were 504 

observed in the WM fiber tract of cuprizone treated mice (Fig. S4A-B). A PANreactive astrocyte 505 

gene set (Lcn2, Steap4, S1pr3, Timp1, Hspb1, Cxcl10, Cd44, Osmr, Cp, Serpina3n, Aspg, Vim, and 506 

Gfap) (Liddelow et al., 2017) was abundantly expressed within the WM fiber tract of cuprizone 507 

treated mice and seemed enriched upon cuprizone treatment (Fig. 3E). Increased Gfap and Vim 508 

expression was observed upon cuprizone treatment in the WM fiber tract and hippocampus (Fig. 509 
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3F, Fig. S3D and S4C). In comparison, the astrocyte marker gene Aldh1l1 (Cahoy et al., 2008) was 510 

expressed throughout the whole mouse brain (Fig. S4D). This indicates that cuprizone induces a 511 

reactive gene set in WM fiber tract astrocytes during demyelination. 512 

Astrocyte reactivity in cuprizone mice was corroborated at the protein level. During cuprizone 513 

treatment, there were significant changes in the level of GFAP-positive astrocytes in both the 514 

cortex (CTX) and the WM fiber tract - corpus callosum (CC) (one-way ANOVA per region, n = 3 515 

per group; CTX p<0.001, CC p<0.001), indicating local astrogliosis in these regions (Table S5, Fig. 516 

3G-H). Astrogliosis persisted at the remyelination phase in the CTX and CC (Tukey HSD, n = 3 per 517 

group; CTX p<0.001, CC p = 0.005), suggesting a role for astrocytes in remyelination (Table S5, 518 

Fig. 3G-H). Generalized linear mixed models demonstrated a significant interaction between 519 

region and cuprizone treatment (p < 0.001, n = 3 per group) (Table S5, Fig. 3H), indicating that 520 

cuprizone treatment differentially affects astrogliosis depending on the brain region. 521 

Regional heterogeneity of astrocyte subpopulations in the cuprizone mouse model  522 

To investigate if regional astrocyte diversity is associated with de- and remyelination, we 523 

combined scRNAseq of astrocytes with the spatial information on mouse brain regions. ACSA2, a 524 

known astrocyte marker (Batiuk et al., 2017; Borggrewe et al., 2021), was used to enrich 525 

astrocytes during fluorescence-activated cell sorting (FACS). Astrocytes were sorted based on 526 

ACSA2-positive, DAPI-positive (to exclude damaged cells), and tomato-negative (to exclude 527 

Cx3cr1-expressing cells) signals. ACSA2-positive cells were isolated from whole brains of 528 

control, cuprizone, or remyelinated conditions and subjected to single-cell sequencing (Fig. 4A). 529 

Non-astrocytic cells and doublets were removed from the data before downstream analysis.  530 

After dimensionality reduction and clustering, 12 clusters of ACSA2-positive astrocytes were 531 

identified (Fig. 4B). Next, per cluster the differentially expressed genes (‘cluster markers’) and 532 

the associated GO-terms were determined (Table S6, Fig. S5A). ScCODA with adjustments for the 533 

one-sample scenario was used to identify credible changes in astrocyte subpopulation 534 

composition in demyelinated and remyelinated conditions. We did not identify any significant 535 

differences, but we used the scCODA-inferred log2 fold changes to prioritize and rank the largest 536 

differences in cluster composition (Table S6). Next, we investigated the spatial distribution of 537 

astrocyte subpopulations by visualizing and averaging gene module scores for cluster markers 538 

in ST data (Fig. S6).  539 

The largest increase in relative abundance was detected within astrocyte cluster 8 (log2 fold 540 

change = 1.3) in 5-week cuprizone-treated mice compared to controls (Fig. 4C-D, Table S6). 541 

Astrocytes cluster 8 expressed complement genes (C1qb, C1qc, C1qa), and this cluster was 542 
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associated with the GO terms “immune effector process”, “antigen processing and presentation” 543 

and “myeloid leukocyte activation” (Fig. 4E). Investigating the markers for astrocytes cluster 8, 544 

spatial plots suggested that these genes were mostly expressed in the hippocampus and WM 545 

fiber tract (Fig. 4F-G). Together, this suggested an immune-mediatory role for the astrocyte 546 

cluster 8 in the hippocampus and WM fiber tract that was most strongly associated with 5-week 547 

cuprizone-treated mice. 548 

A subtle increase in relative abundance was detected in astrocyte cluster 0 for 3-week 549 

cuprizone-treated mice compared to controls (log2 fold change = 0.4) (Fig. 4C-D, Table S6). This 550 

astrocyte cluster had enriched expression of Itih3, Hes5, Nrarp, Heyl, Slc1a3, and Sparc (Table 551 

S5). The increased relative abundance of cluster 0 was in line with the previous observation of 552 

increased Slc1a3 expression in the WM fiber tract of 3-week cuprizone-treated mice compared 553 

to controls in ST sections (Fig. 3B). For astrocyte cluster 0, relative abundance returned to 554 

control levels at 5-week cuprizone-treated and 2-week remyelinated conditions (Fig. 4D). 555 

Additionally,  markers for astrocyte cluster 0 included Cnp, Nkx6-2, and Hes5, which were 556 

associated with the GO term “oligodendrocyte differentiation” (Fig. 4E). In the ST data, markers 557 

of astrocytes cluster 0 were expressed throughout multiple brain regions and were more 558 

enriched in the WM fiber tract and the hypothalamus compared to the cortex (Fig. 4F-G). In the 559 

WM fiber tract and hippocampus, an increased module score for astrocyte subpopulation 0-560 

associated genes was observed at the 3-week cuprizone treatment. However, in the cortex, there 561 

were no discernible changes in response to the cuprizone treatment (see Fig. 4F-G). Possibly, 562 

astrocyte subpopulation 0 was less responsive to cuprizone treatment in the cortex than in other 563 

brain regions such as the hippocampus and WM fiber tract. In short, astrocyte cluster 0 was 564 

detected in multiple brain regions and showed a small increase in relative abundance in 3-week 565 

cuprizone-treated mice in whole-brain single-cell data.  ST data suggested that cluster 0 was 566 

differently affected by the cuprizone diet across brain regions. 567 

Lastly, astrocyte cluster 6 was depleted in 3-week (log2 fold change = -1.0) and 5-week (log2 568 

fold change = -0.9) cuprizone-treated mice compared to controls (Fig. 4C-D, Table S6). This 569 

astrocyte cluster had enriched expression of Atp1b1, Cspg5, Tspan7, and Chst2 compared to 570 

other astrocytes (Fig. 4E, Table S5). Cluster markers were associated with the REACTOME 571 

pathway “Neurotransmitter uptake and metabolism in glial cells”, and GO terms “synapse 572 

organization” and “regulation of the membrane potential”, which suggest a more GM-related 573 

functionality (Fig. 4E). In ST data, expression of astrocyte cluster 6 markers was enriched in the 574 

hippocampus and L1 of the cortex (Fig. 4F-G). Unexpectedly, the increase in astrocyte cluster 6 575 

scores in ST data did not align with the decrease in the relative abundance of cluster 6 in single-576 

cell data (Fig 4C-D, F-G). Possibly, this was due to brain region composition differences across ST 577 
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sections: all ST samples at D3 contained complete hippocampal and L1 cortical structures, 578 

whereas these regions were not always complete at C, D5, and R samples. In contrast, for the 579 

single-cell data, a consistent brain region composition was expected for all samples. In summary, 580 

astrocyte cluster 6 was most prominently detected in the hippocampus and L1 cortical layer and 581 

showed a reduction in relative abundance in cuprizone-treated mice.  582 

Higher spatial resolution is crucial to discern more specific regional astrocyte 583 

subpopulations 584 

To assess the spatial localization of the identified astrocyte subpopulations in the control mouse 585 

brain, we interrogated publicly available Visium spatial transcriptomics data  (Fig. 4H). High-586 

resolution Visium plots demonstrated regional diversity in astrocytes in the control mouse brain 587 

using smaller spatial spots (Fig. 4H). Comparing our astrocyte subpopulations in high-resolution 588 

Visium plots, a differential spatial distribution of astrocyte clusters 6 and 8 within the 589 

hippocampus region became visible in the control mouse brain (Fig. 4H, C-Visium). Most likely, 590 

cluster 6 reflects neuron-enriched hippocampal areas, and cluster 8 WM-fiber-enriched areas 591 

within the hippocampus.  592 

The high-resolution Visium data also allowed for the annotation of an additional cluster. Cells in 593 

cluster 11 were thus far unannotated, since they did not express astrocyte-related marker genes 594 

(Slc1a2, Slc1a3, Aldh1a1, Aqp4, Gfap), but also did not clearly express markers specific to other 595 

cell types. In high-resolution Visium data, we observed that cluster 11 markers were highly 596 

abundant in regions around the choroid plexus (Fig. 4H, Fig. S5B). Congruently, the most 597 

enriched marker gene for cluster 11 (average log2 fold change = 7) was Ttr (Table S6), encoding 598 

a plasma transport protein with reported localization in the cytoplasm of choroid plexus-derived 599 

epithelial cells (Benson et al., 2010). Other marker genes for cluster 11 were Enpp2, Krt18, and 600 

Kcnj13 (Table S5), which are reported markers for mouse epithelial cells in the choroid plexus 601 

(Dani et al., 2021). Together, this indicated that cluster 11 represented a small population of 602 

choroid plexus-derived epithelial cells. Comparing the ST and Visium platforms, the enhanced 603 

regional heterogeneity of astrocyte clusters 6 and 8, along with the specific localization of cluster 604 

11 to the choroid plexus, were only detected with increased resolution (55 µm spots) (Fig. 4H). 605 

This highlights the importance of employing spatial technologies with higher resolution for a 606 

more fine-grained assessment of regional differences, cellular subpopulations, and 607 

transcriptional states. 608 

Discussion 609 
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In this study, we applied ST and scRNAseq to brain tissue from cuprizone-treated mice. We 610 

aimed to 1) identify gene expression differences during de- and remyelination, 2) examine 611 

regional gene expression alterations of glial cell type markers during de- and remyelination, and 612 

3) assess the effects of cuprizone treatment on different brain regions. Using ST, we identified 70 613 

DEGs within the WM fiber tract, indicating that astrocytes were important contributors to gene 614 

expression changes at the demyelination phase. On protein and gene expression levels, 615 

expression of GFAP was more affected in the cortex than in the corpus callosum following 616 

cuprizone treatment, an observation in line with the literature (Buschmann et al., 2012; Castillo-617 

Rodriguez et al., 2022). By examining the expression of glial cell type markers, we observed a 618 

decreased expression of the mature OL gene Mal during demyelination, which was accompanied 619 

by an increase in the expression of reactive astrocyte markers in the hippocampus and WM fiber 620 

tract. At the remyelination phase, Mal expression returned to control levels, while astrocyte 621 

activation persisted. Combining scRNAseq of astrocytes with the ST data indicated that 622 

cuprizone-induced demyelination and remyelination differently affected astrocyte 623 

subpopulations across brain regions. 624 

Evaluating the ST platform 625 

As an initial step, we aimed to validate if demyelination and remyelination could be detected in 626 

the cuprizone mouse model using ST. In this experiment, we applied ST on one hemisphere, 627 

meaning that both white and grey matter (GM) were included for analysis. We detected a 628 

decrease in the level of myelin genes at 3-weeks of demyelination (e.g. Mog, Mal), mostly in the 629 

WM fiber tract, indicating that ST with a resolution of 100 µm was sensitive enough to detect 630 

differences in gene expression related to demyelination. However, in ST data, most variation was 631 

driven by regional variation (WM, GM) and not by the cuprizone model itself, thereby hampering 632 

the detection of injury-induced changes. To overcome this regional heterogeneity between 633 

samples, we implemented multiple methods for annotation of brain regions and focused on 634 

cuprizone-induced gene expression changes within brain regions. In the future, region 635 

annotation methods could further improve by incorporating both the histology (HE image) and 636 

region-specific gene expression features to train machine learning models. This approach could 637 

aid the development of novel annotation tools that are objective and resistant to the influence of 638 

pathological and injury-induced gene expression variations.  639 

Temporal and regional responses of glial cells in the cuprizone model 640 

Next, we studied the temporal and regional cuprizone effects on selected glial markers, to 641 

examine differences in the dynamics of glial cell responses. Using ST, we detected very low gene 642 

activity for low abundant cell types, such as microglia and OPCs, hampering the examination of 643 
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the dynamics of genes in these cell types. Given the limited spatial resolution of 100 µm and 644 

spot-to-spot distance of 200 µm, ST might not be optimal for accurately capturing and 645 

characterizing microglia and OPCs, which are known to have relatively sparse representation in 646 

the brain. Moreover, microglia are relatively small cells, further hampering their detection using 647 

this ST platform. 648 

Oligodendrocyte markers Mal, Mbp, and Plp1 showed a clear decrease in expression at 3-weeks 649 

of demyelination for the WM fiber tract, hippocampus, and cortex, which thereafter increased 650 

again. During demyelination (starting from week 3), compensatory mechanisms come into play 651 

to counteract the loss of mature OLs and myelin. At this stage, OPCs undergo proliferation, 652 

leading to an increase in Plp1 expression (a marker for OPCs, immature and mature OLs), 653 

followed by an increase in Mbp expression (a marker for immature and mature OLs), as shown 654 

by the increase of these marker genes from D3 onwards.  655 

Gene expression of reactive astrocyte markers Gfap and Vim peaked at 3-week demyelination in 656 

the WM fiber tract. At the protein level, GFAP was most abundant at 5-week demyelination in the 657 

corpus callosum, which was in line with previous literature (Buschmann et al., 2012; Castillo-658 

Rodriguez et al., 2022). As reported before (Castillo-Rodriguez et al., 2022; Hibbits et al., 2012), 659 

Gfap gene expression decreased after 3-weeks of demyelination but did not return to control 660 

levels, indicating ongoing astrogliosis during 5-weeks of demyelination and 2-weeks 661 

remyelination. Loss-of-function studies investigating GFAP+ astrocytes have shown these 662 

astrocytes are required for maintaining myelin formation and OL maturation (Skripuletz et al., 663 

2013; Tognatta et al., 2020). Ablation of GFAP+ astrocytes resulted in demyelination and myelin 664 

decompaction (Skripuletz et al., 2013; Tognatta et al., 2020). Therefore, persistent astrogliosis 665 

during the remyelination phase might be vital for the restoration of myelin and OL function. 666 

Astrocyte-related gene expression changes in the cuprizone model 667 

When performing analysis on the WM fiber tract only, we identified astrocyte-related genes to 668 

be differentially expressed in 3-weeks of demyelination compared to the control.  Genes such as 669 

Clu and Slc1a3 were identified as DEGs in the WM fiber tract after cuprizone treatment. Clu 670 

encodes clusterin which is involved in the regulation of apoptosis and complement signaling, 671 

and enhanced levels of this protein were previously detected in astrocytes in WM lesions from 672 

MS donors. Depending on the astrocytic state (homeostatic vs. pathological), Clu can be secreted, 673 

or localized at the cytoplasm, or nucleus. In its secreted form, Clu serves as a complement 674 

inhibitor. When located in the nucleus, Clu has a pro-apoptotic effect on the astrocyte. On the 675 

contrary, when located in the cytoplasm, it functions as an apoptosis inhibitor (van Luijn et al., 676 

2016). These multiple functions and states make it challenging to elucidate the role of Clu during 677 
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de- and remyelination. Slc1a3 encodes a gene for a glutamate transporter and upregulation of 678 

this gene is associated with excitotoxicity (Vallejo-Illarramendi et al., 2006). In MS, an increase 679 

in Slc1a3 located in oligodendrocytes was observed in optic nerves (Vallejo-Illarramendi et al., 680 

2006). Likely, increased expression of the glutamate transporter Slc1a3 in cuprizone-fed mice 681 

could result in dysregulation of glutamate homeostasis in the brain, thereby contributing to 682 

neuronal dysfunction and degeneration.  683 

To analyze the heterogeneity of astrocytes in the cuprizone mouse model, we performed 684 

scRNAseq and identified 12 astrocyte subpopulations. By combining these scRNAseq data with 685 

ST, we could predict in which brain regions these astrocyte subpopulations were enriched. 686 

Among the cuprizone-associated subpopulations, cluster 8 was enriched for expression of 687 

complement genes in the WM fiber tract and hippocampus (and not in L2-L6 of the cortex), 688 

indicating that cuprizone-induced neuroinflammation was more pronounced in WM areas, and 689 

less in GM areas. Markers of astrocyte cluster 8 were associated with the GO term “myeloid 690 

leukocyte activation”, suggesting possible astrocyte-microglia-immune cell crosstalk by this 691 

astrocyte subpopulation. Astrocytes are known to recruit microglia to the site of demyelination 692 

to clear myelin debris and if this process is disturbed, subsequent repair mechanisms are 693 

delayed (Skripuletz et al., 2013). Future studies investigating cell-cell interactions could 694 

demonstrate if this astrocyte subpopulation identified in cluster 8 is indeed involved in 695 

astrocyte-microglia communication. Astrocyte cluster 6 was identified in GM brain regions and 696 

showed a decrease in relative abundance under cuprizone conditions. Both astrocyte 697 

subpopulations also showed distinct expression patterns within the hippocampus itself, with 698 

cluster 6 prevalent in neuron-enriched areas and cluster 8 most abundant within WM-fiber-699 

enriched hippocampal areas. For future studies, this stresses the importance of analyzing intra- 700 

and interregional astrocyte subpopulations separately in the context of remyelination failure 701 

and/or success. 702 

Limitations of this study were the variation in brain region composition between some of the 703 

samples and the resolution of the ST spatial spots (100 µm) used here. Therefore, we validated 704 

part of our results in a publicly available Visium ST data set (55 µm spatial spots) and used our 705 

cuprizone scRNAseq data to further investigate the astrocyte-related changes in different brain 706 

regions. At 55 µm resolution, we were able to map the heterogeneity of astrocytes in the control 707 

mouse brain more precisely, whereas this was more challenging at 100 µm resolution. This 708 

comparison underscores the importance of increased resolution in ST technologies. 709 

Furthermore, using ST it was not possible to determine whether the detected changes across the 710 

experimental groups were due to variations in the abundance of different cell types (e.g. 711 

increased GFAP+ astrocyte numbers) or if the changes in gene expression occurred within 712 
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specific cell populations (e.g. increased GFAP expression within astrocytes). To address this 713 

issue, future studies would require spatial analysis at a cellular resolution (Stereo-seq (Xia et al., 714 

2022), CosMxTM, Xenium analyzer, or a forthcoming Visium HD from 10X Genomics).  715 

Conclusion 716 

In conclusion, ST was sensitive enough to detect demyelination processes and enabled unbiased 717 

characterization of multiple brain regions in a single tissue section. This facilitated the 718 

identification of region-associated changes in gene expression following cuprizone treatment. 719 

The main limitation encountered using ST is that the lack of a single-cell resolution hindered 720 

definite conclusions on less abundant cell types, such as OPCs and microglia, and that possible 721 

disease-driven alterations in cell type composition were potentially masking cell type-specific 722 

gene expression changes. ST approaches at (near) single-cell resolution in combination with 723 

computational deconvolution and segmentation methods are required to delineate the role of 724 

specific cellular subpopulations in animal models or diseases. We identified astrocyte 725 

heterogeneity across brain regions of control and cuprizone-treated mice. Cuprizone-induced 726 

demyelination changed the expression of astrocyte subpopulation-associated genes differently 727 

across the WM fiber tract, hippocampus, and cortex. The effect of cuprizone treatment on 728 

astrocyte cluster 0, which was associated with oligodendrocyte differentiation, and cluster 8, 729 

which was associated with immune-related processes, seemed to depend on the brain region. 730 

The characterization of (intra)regional astrocyte subpopulations could aid the development of 731 

novel strategies to target demyelination and remyelination processes and to manipulate their 732 

involvement in diseases such as MS. 733 

Acknowledgments 734 

We would like to thank Geert Mesander, Johan Teunis en Theo Bijlsma from the flow cytometry 735 

unit of the UMCG for sorting the ACSA2+ positive cells and Klaas Sjollema from the UMCG 736 

Imaging and Microscopy Center (UMIC) for the support when imaging tissue sections with the 737 

TissueFaxs and Zeiss Cell Discoverer 7. We thank the Research Sequencing Facility of the UMCG, 738 

in particular Diana Spierings, for sequencing and discussion of ST data. We thank Zaneta 739 

Andrusivova, Michaela Asp, and Annelie Mollbrink from the SciLifeLab at Karolinska Institutet, 740 

Sweden for their help and hospitality during workshops on the spatial transcriptomics 741 

technique.  742 

Ethics Approval 743 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 8, 2024. ; https://doi.org/10.1101/2024.03.04.583308doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.04.583308
http://creativecommons.org/licenses/by-nc/4.0/


23 

 

All animal experiments were approved by the national central authority for scientific procedures 744 

on animals (CCD) and performed in accordance with ethical regulations (Permit# 745 

AVD105002015360). 746 

Funding 747 

AM and SMK are supported by a fellowship from the Dutch MS Research Foundation (#16-947). 748 

MHCW is supported by a grant from the Dutch MS Research Foundation (#18-733c) and by 749 

grants from “Stichting de Cock-Hadders” (2022-53 and 2020-14). AA was supported by the 750 

Stichting de Cock-Hadders (2019-04) and a grant from the MS Research Foundation (#19-1058). 751 

Part of the work has been performed at the UMIC, which is sponsored by NWO-grants 40-00506-752 

98-9021 (TissueFaxs) and 175-010-2009-023 (Zeiss 2p). 753 

Competing interests 754 

The author(s) declare no competing interests. 755 

Authors’ contributions 756 

AM and MHCW performed the experimental work. MM and EMW supported the experimental 757 

work. AMA, EG, and MK performed the data analysis. WB, BJLE, and SMK conceptualized and 758 

supervised the project. AM, MHCW, and AMA wrote the manuscript. All authors read and 759 

contributed to the manuscript.  760 

Data availability 761 

The spatial transcriptomics sequencing datasets generated for this study have been deposited in 762 

the Synapse database under accession number syn52597881. Foundational data for bar graphs 763 

is available in the Supplementary Tables. 764 

Code availability 765 

The code that supports the findings of this study is available from the corresponding authors 766 

upon request. 767 

Figure legends 768 

Figure 1. Detection of demyelinated areas in the brain of cuprizone-treated mice. A). 769 

Schematic overview of the cuprizone experiment. Mice received either a cuprizone diet to induce 770 

demyelination or a chow diet (control; C). At 3 (D3) or 5 weeks (D5) demyelination, or after a 2-771 

week recovery period (R) following demyelination, mice were sacrificed and brains were 772 
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collected. Brain samples were further processed for spatial transcriptomics (n = 2 per group). 773 

B). Hematoxylin and eosin (HE) immunohistochemistry of the ST brain hemispheres. C). Dot 774 

plot depicting the average expression levels of representative marker genes for neurons, 775 

oligodendrocytes (OLs), oligodendrocyte-precursors cells (OPCs), WM-, GM- and reactive 776 

astrocytes, and homeostatic (h-µglia) and reactive microglia per sample. The color scale depicts 777 

the average expression level. The size of the dots indicates the percentage of spatial spots 778 

expressing the gene. D). Immunohistochemical images of Mog expression in the corpus callosum 779 

(CC) per experimental group. The scale bar indicates 100 µm. E). Representative spatial gene 780 

expression plots of Mog per experimental group. The color scale indicates log-normalized gene 781 

expression levels. F). PCA plot of the spatial spots from all samples. Each dot represents a spatial 782 

spot, colors indicate experimental groups; control n = 1049 spatial spots; 3wk demyelination n = 783 

990 spatial spots; 5wk demyelination n = 1004 spatial spots; 2wk remyelination n = 913 spatial 784 

spots. G). Plp1 and Nrgn gene expression plotted on the PCA plot of the spatial spots. Each dot 785 

represents a spatial spot. The red color indicates the log-normalized expression of Nrgn, blue 786 

color indicates the log-normalized expression of Plp1 in a spatial spot. H). Heatmap of the top 10 787 

genes with the highest absolute PC loadings on PC1 and PC2. The color scale indicates positive 788 

versus negative PC loading. I). Representative spatial gene expression plots of Slc17a7. The color 789 

scale indicates log-normalized gene expression level. 790 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 791 

weeks remyelination 792 

Figure 2. Comparison of different methods to annotate mouse brain regions. A). Schematic 793 

overview of four different methods to annotate brain regions. I: manual method; the Allen Brain 794 

Atlas was used to make an overlay between the HE-stained ST section and the atlas image. 795 

Spatial spots were manually annotated by comparing the section to the atlas. II: unbiased 796 

clustering method; unbiased clustering was performed on all spatial spots. By comparing each 797 

cluster’s location to the Allen Brain Atlas, clusters were annotated with a brain region. III: region 798 

geneset method; based on Lein et al., 2007, 10 region-specific gene sets were used to compute a 799 

region module score per spatial spot. Spots that expressed a gene module above a certain 800 

threshold were annotated to the corresponding region. IV: combinatorial approach of method I 801 

and II by using the full outer join of the spots positive for the manual and unbiased clustering 802 

method. B). Representative spatial plots of the different region annotation methods. Colors 803 

indicate different clusters or brain regions. C). Schematic overview of the combinatorial 804 

approach for WM fiber tract spot annotation. The manual method (I) and unbiased clustering 805 

method (II) are depicted as a Venn diagram. Spots annotated by either or both methods, shown 806 

as a bold line in the diagram, were annotated as WM fiber tract (n = 521 spots). D). 807 

Representative spatial spots for the WM fiber tract as a result of the combinatorial approach 808 

(IV). Dark red spots indicate the spots annotated to the WM fiber tract region.  809 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 810 

weeks remyelination,  CTX = cortex, HIP = hippocampus, HY = hypothalamus, MDB = midbrain, 811 

PAL = pallidum, RETHIP = retrohippocampal formation, STR = striatum, TH = thalamus, WM 812 

fiber = WM fiber tract, unident = unidentified. 813 

Figure 3. Differences in gene expression between cuprizone and control WM fiber tracts. 814 

A). PCA plot of pseudobulked WM fiber tract spots per experimental group. Each dot represents 815 

a sample of the WM fiber tract, colors indicate the experimental groups. B). Four-way plot 816 

comparing differential gene expression observed in WM fiber tracts of control and cuprizone-817 

treated mice. Each dot represents a gene that is significantly changed in its expression. Green 818 

and blue dots are genes significantly increased or decreased in expression in D3 compared to C 819 

mice. Yellow dots represent genes significantly increased in expression in R compared to D5. We 820 

did not detect genes significantly decreased in expression in R compared to D5. Genes with a red 821 

label are visualized in spatial plots in d C). Bar plot depicting gene set enrichment of 822 

differentially enriched genes compared to a reference data set of mouse brain cell types 823 
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(Rosenberg et al., 2018), computed using DRscDB (Hu et al., 2021). The height and color of the 824 

bar indicate the negative log10 of the enrichment p-value. D). Representative spatial gene 825 

expression plots of astrocyte genes Clu and Slc1a2. The color scale indicates log-normalized gene 826 

expression level. E). Representative spatial gene expression plots of PANreactive gene set 827 

scores. The color scale indicates the gene set module score. F). Representative spatial gene 828 

expression plots of Gfap. The color scale indicates log-normalized gene expression level. G). 829 

Immunohistochemical images of GFAP expression in cortex (CTX) and corpus callosum (CC). The 830 

scale bar indicates 50 µm. H). Quantification of immunohistochemistry of GFAP in cortex and 831 

corpus callosum shown in e. Per brain region, one-way ANOVA with Tukey HSD post-hoc tests 832 

were performed to assess the significance of GFAP levels among groups,  n = 3 per group. 833 

Asterisks indicate p-values < 0.01.  834 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 835 

weeks remyelination 836 

Figure 4. Regional heterogeneity of astrocytes in the mouse brain. A). Schematic 837 

experimental overview. Mice received either a cuprizone diet or a chow diet. Mice were 838 

sacrificed at 3 weeks (D3) or 5 weeks (D5) demyelination, or after a 2 weeks recovery period (R) 839 

(black arrowheads).  Brain samples were further processed for spatial transcriptomics or single-840 

cell sequencing. ACSA2-positive cells were sorted and profiled using single-cell RNA sequencing 841 

with the 10X Genomics platform. For single-cell RNA libraries one sample was sequenced where 842 

a sample represented 5 pooled mouse brains. Two mouse brains were used for ST. B). UMAP 843 

depicting the astrocyte clusters. Dots represent single cells, colors represent clusters. C). Stacked 844 

barplot of the relative distribution of astrocyte clusters (%) per experimental group. D). The 845 

relative abundance (%) of astrocyte clusters 0, 6, and 8 per experimental group as dot plot. One 846 

data point represents 5 whole brains pooled for single-cell RNA sequencing. E). The top 5 cluster 847 

markers for astrocyte clusters 0, 6, and 8 and the associated gene ontology terms. GO terms were 848 

retrieved from the Metascape database. F). Average module score for clusters 0, 6, and 8-849 

associated markers in spatial spots of a given brain region. Data points represent ST mouse 850 

brain samples, colors indicate the brain region. G). Markers associated with astrocyte clusters 0, 851 

6, and 8 are visualized as gene module scores in spatial spots. The color indicates the gene 852 

module score. H). Spatial plots of clusters 0, 6, and 8 of control mouse hemispheres using spatial 853 

transcriptomics with a resolution of 100 µm (left) and Visium with a resolution of 55 µm (right). 854 

The color indicates the gene module score per spatial spot.  855 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 856 

weeks remyelination 857 

Supplemental figure 1. Quality control of 100µm-resolution spatial transcriptomic spots 858 

in mouse brain samples. A). Quality control parameters of the number of features B). number 859 

of UMI counts C). percentage of mitochondrial genes and D). percentage of ribosomal genes 860 

depicted in violin plots for the individual samples per experimental group. The horizontal line of 861 

the violin plots depicts the median. 862 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 863 

weeks remyelination 864 

Supplemental figure 2. Comparison of region annotation methods. A). Schematic 865 

representation of the manual annotation method. B). PCA plots of spatial spots with colors 866 

indicating annotation by the manual method (I), unbiased clustering method (II), and region 867 

geneset enrichment method (III). C) For the WM fiber tract, the upper Venn diagram depicts the 868 

overlap between the manual annotation and the clustering-based annotation method. The 869 

bottom Venn diagram depicts the overlap between the manual and the gene set enrichment 870 

annotation method. D). Annotation results from the combinatorial approach (IV) of the 871 
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hippocampus. Dark red spots indicate the spots annotated as hippocampus. E). Results of the 872 

combinatorial approach (IV) of the cortex. Dark red spots indicate the spots annotated as cortex. 873 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 874 

weeks remyelination 875 

Supplemental figure 3. Selected transcriptional markers for oligodendrocyte lineage cells 876 

(A-B), microglia (C), and astrocytes (D). Data points represent mouse brain samples, colors 877 

indicate the brain region.  The horizontal continuous line represents the averaged normalized 878 

expression of spatial spots in a given region across mice. Normalized gene expression counts 879 

were obtained using a natural logarithm.  880 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 881 

weeks remyelination 882 

Supplemental figure 4. Expression of astrocyte genes in cuprizone-treated mice. A-B). 883 

Representative spatial plots depicting geneset scores of genes associated with 884 

neuroinflammatory  (A) and neuroprotective (B) astrocytes (Liddelow et al., 2017) per 885 

experimental group. The color bar indicates gene set module scores. C-D). Representative spatial 886 

gene expression plots of Vim (C) and Aldh1l1 (D) per experimental group. The color bar 887 

indicates log-normalized gene expression level.  888 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 889 

weeks remyelination 890 

Supplemental figure 5. Gene ontology enrichment per astrocyte cluster detected with 891 

single-cell RNA sequencing. A). The top 5 cluster markers depicted per astrocyte cluster were 892 

ranked based on the highest log-fold change. Bars represent the significance of the cluster 893 

marker-associated gene ontology term retrieved from the Metascape database. B). Fluorescent 894 

image of a fresh-frozen coronal adult mouse brain section stained for NeuN (red) and DAPI 895 

(blue). Data was derived from a publicly available dataset from 10X Genomics. The inset shows 896 

the area of interest for the cluster markers of astrocyte subpopulation 11. 897 

Supplemental figure 6. Average module scores of astrocyte cluster markers in the WM 898 

fiber tract, hippocampus, and cortex. Data points represent mouse brain samples, colors 899 

indicate the brain region.  The horizontal continuous line represents the average module score 900 

of spatial spots in a given region across mice. Module scores were computed for transcriptional 901 

markers associated with the astrocyte clusters in a given brain region. 902 

C = control, D3 = 3 weeks of cuprizone treatment, D5 = 5 weeks of cuprizone treatment, R = 2 903 

weeks remyelination 904 

 905 

Supplementary tables 906 

Excel file containing tables S1-S9. 907 

Table S1: sample information of the acute cuprizone mouse model (ST platform) 908 

Table S2: region-specific genesets for mouse brain region annotation for method III: gene set 909 

enrichment, and A1, A2, PAN-reactive genesets  for spatial plots (ST platform)  910 

Table S3: differentially expressed genes within the WM tract in the acute cuprizone mouse 911 

model (ST platform) 912 
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