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Abstract 

Background: Microglia regulate the response to injury and disease in the brain and spinal cord. In white matter 
diseases microglia may cause demyelination. However, how microglia respond and regulate demyelination is not fully 
understood.

Methods: To understand how microglia respond during demyelination, we fed mice  cuprizone—a potent demy-
elinating agent—and assessed the dynamics of genetically fate-mapped microglia. We then used single-cell RNA 
sequencing to identify and track the microglial subpopulations that arise during demyelination. To understand how 
microglia contribute to the clearance of dead oligodendrocytes, we ablated microglia starting at the peak of cupr-
izone-induced cell death and used the viability dye acridine orange to monitor apoptotic and lytic cell morpholo-
gies after microglial ablation. Lastly, we treated serum-free primary microglial cultures to model distinct aspects of 
cuprizone-induced demyelination and assessed the response.

Results: The cuprizone diet generated a robust microglial response by week 4 of the diet. Single-cell RNA sequenc-
ing at this time point revealed the presence of several cuprizone-associated microglia (CAM) clusters. These clusters 
expressed a transcriptomic signature indicative of cytokine regulation and reactive oxygen species production with 
altered lysosomal and metabolic changes consistent with ongoing phagocytosis. Using acridine orange to monitor 
apoptotic and lytic cell death after microglial ablation, we found that microglia preferentially phagocytose lytic car-
casses. In culture, microglia exposed to lytic carcasses partially recapitulated the CAM state, suggesting that phagocy-
tosis contributes to this distinct microglial state during cuprizone demyelination.

Conclusions: Microglia serve multiple roles during demyelination, yet their transcriptomic state resembles other 
neurodegenerative conditions. The phagocytosis of cellular debris is likely a universal cause for a common neurode-
generative microglial state.

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

†Sameera Zia, Brady P. Hammond and Martin Zirngibl contributed equally to 
this work.

*Correspondence:  jrplemel@ualberta.ca

4 Department of Medical Microbiology and Immunology, University 
of Alberta, Edmonton, Canada
Full list of author information is available at the end of the article

http://orcid.org/0000-0003-1385-1464
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13024-022-00584-2&domain=pdf


Page 2 of 24Zia et al. Molecular Neurodegeneration           (2022) 17:82 

Background
Multiple Sclerosis (MS) is a chronic inflammatory dis-
ease characterized by demyelinating lesions and ongo-
ing neurodegeneration [1]. Lesions initially result from 
an infiltration of immune cells along with the expansion 
and activation of glial cells in the central nervous sys-
tem (CNS) [2]. Within the lesion, immune cell dynam-
ics are critical for tracking lesion evolution [3]. Of these, 
the innate immune cells known as microglia and mac-
rophages predominate [4, 5]. Microglia are brain resident 
immune cells, while macrophages originate from mono-
cytes or other brain resident macrophage populations 
such as meningeal macrophages [6, 7]. Microglia and 
macrophages are critical regulators of lesion formation 
and dynamics, and may  potentially drive CNS demyeli-
nation [8]. Despite their importance, we do not yet know 
how these cells regulate ongoing demyelination.

Dietary consumption of cuprizone, a copper chelator, 
induces demyelination in the corpus callosum and cor-
tical grey matter [9, 10]. Cuprizone-induced demyelina-
tion is not altered by the absence of lymphocytes and 
only involves the sparse infiltration of blood leukocytes 
[10, 11]. Intriguingly, the complete ablation of microglia 
prevents ultrastructural damage to myelin within the 
corpus callosum, suggesting that microglia are necessary 
for demyelination in this model [11]. Therefore, the cupr-
izone model is ideal for defining brain intrinsic mecha-
nisms of demyelination. The grey matter demyelination, 
axonal degeneration, and microglial over-representation 
have led some to consider cuprizone toxicity as a model 
of the neurodegenerative aspects of progressive MS 
[12–14]. Understanding the mechanisms of how micro-
glia participate in demyelination will be critical to finding 
strategies that limit ongoing neurodegeneration in MS.

Demyelination is linked to oligodendrocyte death;   
upon death, oligodendrocytes  are subsequently cleared 
by phagocytic cells. Death of oligodendrocytes following 
the cuprizone diet is varied, with ongoing apoptosis [15, 
16], necroptosis [17], ferroptosis [18], and, potentially, 
pyroptosis [19–21]. The causes of cell death after cupri-
zone consumption are likely diverse but may not involve 
the copper chelating properties of cuprizone [22]. It is 
unclear how the central nervous system’s phagocytic cells 
like microglia [23], oligodendrocyte progenitor cells [24, 
25], and astrocytes [26–28] clear cellular carcasses result-
ing from these different forms of cell death. Here, we use 
microglial fate mapping, single-cell RNA sequencing, 
microglial ablation, and serum free microglial cultures to 

define the state and functions of microglia during demy-
elination. We identify a microglial state and find that it is 
essential for the clearance of dead cells, which, in turn, 
instructs this microglial state.

Methods
Animal information
We obtained  CX3CR1creER (JAX 021160), Ai9 
 (Rosa26tdTom; JAX 007905),  Tmem119creER(JAX 
031820), and  Rosa26iDTR (JAX 007900) mice from 
The Jackson Laboratory and bred locally. We used 
both male and female mice for these genetically modi-
fied mice lines. We obtained male C57/Bl6 mice 
(7-8 weeks) from Charles River. For genetic fate map-
ping, we used  CX3CR1creER;  Rosa26tdTom (n = 23)  and 
 Tmem119creER;Rosa26tdTom mice (n = 7), for single-cell 
experiments we pooled C57/Bl6 (10/group for cohort 
1 and 15/group for cohort 2 for both naïve and 5 week 
cuprizone conditions, total n = 50), and for histologi-
cal assessment of cuprizone timeline, we used C57/
Bl6 (n = 32). For the microglia ablation experiment, 
 CX3CR1creER;  Rosa26tdTom;  Rosa26iDTR or littermate con-
trols  CX3CR1creER;  Rosa26tdTom mice were injected with 
saline or diphtheria toxin (n = 30).  All  groups, except 
 CX3CR1creER;Rosa26tdTom, were fed a 0.25% cuprizone 
chow for 2 weeks prior to 10 days of ablation while keep-
ing animals on the cuprizone chow. Fate mapping stud-
ies with  CX3CR1creER;Rosa26tdTom mice were conducted 
at the University of Calgary with 0.2% cuprizone and the 
remainder used 0.25% cuprizone and were conducted at 
the University of Alberta. For cell culture experiments, 
E13-E15 pregnant CD1 mice were ordered from Charles 
River.  For animal experiments, all procedures were 
reviewed and approved by animal subcommittees at the 
University of Calgary and the University of Alberta.

Animal treatments
Cuprizone
For studies at the University of Alberta, cuprizone was 
blended into standard mouse chow (PicoLab® Labo-
ratory Rodent Diet 5L0D) at a concentration of 0.25% 
and administered to 6–8 week old mice based  on 
pilot experiments where we determined the optimal 
dose to cause demyelination. For experiments with 
 CX3CR1creER;Rosa26tdTom mice, they were treated with 
0.2% cuprizone, as previously described  [29]. Ani-
mals were fed ad labitum until defined experimental 
endpoints.
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Tamoxifen
CX3CR1creER;Rosa26tdTom,  Tmem119creER;Rosa26tdTom, 
 CX3CR1creER;Rosa26tdTom;  Rosa26iDTR, or littermate con-
trol  CX3CR1creER;Rosa26tdTom were injected with 1 mg of 
tamoxifen (20 mg/ml; T5648, Sigma) dissolved in corn 
oil (C8267) daily for 3 days starting at postnatal day 12 or 
13. Mice were placed on a cuprizone diet 4–6 weeks after 
tamoxifen injection.

Diphtheria toxin
Diphtheria Toxin (List Biological Labs, 150(LB)) was dis-
solved in 0.01 M Tris/0.001 M EDTA, pH = 7.5 to a con-
centration of 2 μg/ml and divided into 10 μl aliquots and 
stored at − 80 °C. For injections, mice were given 1 μg per 
day (10 μg/ml) for ten days. Saline control animals were 
injected with the same volume of 0.9% Sodium Chloride 
Solution (Hospira).

Tissue processing
At the experimental endpoint, animals were euthanized 
with Euthanyl Reg (Pentobarbital Sodium, Vetoqui-
nol, #127819) and transcardially perfused with PBS and 
4% paraformaldehyde (PFA) in 0.1 M PB. Brains were 
removed, and post-fixed overnight with 4% PFA. Tissue 
was cryoprotected by placing it into 30% sucrose. Subse-
quently, brains were embedded in Tissue-Tek O.C.T. and 
snap frozen in liquid nitrogen.

Immunohistochemistry
Brains were coronally sectioned into 20 μm sections with 
collection beginning at the most posterior aspect of the 
corpus callosum. Sections were collected onto Fisher-
brand™ Superfrost™ Plus slides and stored at − 80 °C. 
Cryosectioned brain tissue was thawed, air  dried for 
30 minutes and placed into PBS for 10 minutes before 
being incubated for 1 hour with an antibody block-
ing solution of 10% Normal Donkey Serum (Sigma, 
566,460), 0.1% Gelatin from cold water fish skin, 0.1% 
Triton X-100, 0.05% Tween-20 in 0.01 M PBS. Primary 
antibodies were diluted in Antibody dilution buffer con-
taining 0.1% Gelatin from cold water fish skin and 0.1% 
Triton X-100 in 0.01 M PBS before incubating overnight 
at 4°. We used the following primary antibodies: rab-
bit anti-Olig2 (1:200, Millipore, AB9610(CH)), rat anti-
Ki67 (1:200, Invitrogen, 14–5698-82), goat anti-IBA1 
(1:500, Novus Biologicals, #NB100–1028), rabbit anti-
IBA1 (1:1000, Wako, 019–19,741), rabbit anti-CD45 
(1:150, Abcam, #ab10558), rat anti-CD45 (1:100 BD 
Pharmingen, #550539), rabbit anti-CD4 (1:200, Abcam, 
#ab183685), chicken anti-MBP  (1:200, Aves lab, MBP 
(AVL)), rabbit anti-NINJ1 (1:200; ThermoFisher Scien-
tific PA5–72821), rabbit anti-cleaved caspase-3 (1:100; 
Cell Signaling Technology, no.9661S), rat anti-Ly6G  

(1:200, Biolegend, #127601), rat anti-Dectin1  (1:50, Invi-
vogen, #madg-mdect). Slides were washed 3–5 times 
with PBS containing 0.5% Tween 20, before incubating 
for 2 hours at room temperature with secondary anti-
bodies diluted in the antibody dilution buffer. We used 
anti-rat, −mouse, −rabbit, −goat Alexa Fluor 488, 594, 
or 647 conjugated F(ab)2 fragment secondary antibod-
ies (1:400, Jackson ImmunoResearch). Slides were also 
stained with DAPI. Slides were washed 3–5 times with 
PBS + 0.5% Tween 20 and mounted with Fluoromount G. 
Images were collected with either a Leica SP5 or a Leica 
SP8 confocal microscope. We verified that bleed-through 
was negligible.

Tissue staining
For Eriochrome Cyanine (EC staining), tissue sections 
were thawed and treated with a sequence of 2 min in 
CitriSolv I (Fisher  Scientific, 04–355-121), 1 minute in 
isopropanol, decreasing concentrations of ethanol (100, 
95, 85, 70, 50%; all 1 minute), and 1 minute  dH2O. Slides 
were incubated for 15 minutes in EC (0.16%, Millipore-
Sigma, #1.03164) and then differentiated for ~ 10 sec-
onds with 0.5% aqueous  NH4OH, and washed in  dH2O. 
Slides were stained additionally with 1% neutral red 
solution (1%, Fisher Scientific, 553–24-2) for 2 minutes. 
Slides were then washed for 1 minutes in  dH2O, dehy-
drated with  ascending concentrations of ethanol (50, 
70, 85, 95, 100%; all 1 minute), before incubating them 
in isopropanol for 2 minutes and CitriSolv I twice for 
2 minutes each. Slides were then mounted with Acrytol. 
For acridine orange (AO) staining, frozen tissue was air 
dried for 30 minutes and washed with 1x RNase free PBS 
for 10 minutes. Subsequently, sections were stained with 
AO (50 μM, Invitrogen, A3586) and DAPI (5 μg/ml, Inv-
itrogen, #1306) in RNase free PBS for 20 minutes. The 
AO solution was removed and slides were mounted with 
Fluoromount G.  For Immunohistochemistry following 
AO stain, slides were incubated in 1x PBS for 1h until 
mounted coverslip came off easily. The tissue sections 
were subsequently washed 2 times 5 minutes with PBS to 
remove Fluoromount G, and 3 times 5 minutes with PBS 
+ 0.05% Tween 20 to removed RNA bound AO. There-
after, the immunohistochemistry outlined above was fol-
lowed starting from the antibody blocking step. Images 
were acquired at a Leica SP8 or a Leica SP5  Confocal 
with a single excitation at 488 nm and emission collection 
at 490–550 nm (green) and 580–750 nm (red).

Single cell RNA sequencing
Fluorescence activated cell sorting
Mice were euthanized with Euthanyl Reg and transcardi-
ally perfused with ice-cold HBSS (Invitrogen 14175103). 
Brains were dissected, processed, and diced in ice-cold 
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HBSS. Collected tissue was then dounced 5 times with 
a loose fitted dounce and subsequently filtered through 
70 and 20 μm cell strainers. Cells were pelleted and mye-
lin debris was removed with Debris Removal Solution 
(Miltenyi Biotech 130–109-398). Cells were then blocked 
for 5 minutes with Anti-Mo CD16/CD32 (Invitrogen 
14–0161-85) and stained using Zombie Aqua Fixable Via-
bility Kit (Biolegend 423102), DRAQ5 Fluorescent Probe 
Solution (Thermofisher 62254) and FITC Mouse anti Rat 
CD11b (BD Biosciences 561684) for 20 min. After cell 
staining, cells were sorted on a Sony MA900. Live nucle-
ated single cells that were CD11b positive were gated and 
collected. Final collected cell counts were determined 
using a hemocytometer.

Sequencing preparation
The FACS-isolated cells were processed for single cell 
sequencing on the 10x Genomics Chromium Control-
ler (PN-1000121) using the 10x Genomics Chromium 
Next GEM Single Cell 3′ GEM, Library and Gel Bead 
Kit v3.1 (PN-1000121), following the manufacturer’s 
instructions and sequenced on the Illumina HiSeq P150 
sequencer (Novogene). We chose the paired end, single 
indexing form of sequencing with an average read depth 
of 50,000 reads per cell. The BCL files generated from 
the sequencer were demultiplexed into FASTQ files and 
aligned to a custom Mus musculus 10 (mm10) reference 
genome specifically designed to include the polymorphic 
psuedogene, Clec7a. This was done by adding additional 
annotations of Clec7a from the 10x parent mm10 refer-
ence GTF file to the 10x-provided mm10 GTF reference 
genome file. The final genome was created by combining 
the mm10 reference FASTA file with the custom GTF file 
using the 10x cell ranger (v3.0.0) pipeline, specifically the 
mkref function. The samples were aligned to the custom 
genome using the cell ranger count function thereby gen-
erating barcoded and sparse matrices.

Quality control and clustering
All the quality control was performed using Seurat v4.0 
[30, 31] (https:// github. com/ satij alab/ seurat) in the R sta-
tistical environment (v4.1.2). A Seurat object was created 
using the CreateSeuratObject() function to include genes 
expressed in a minimum of 3 cells and cells expressing a 
minimum of 200 genes. The object was further subsetted 
using the subset() function to remove doublets or mul-
tiplets—cells with high gene counts (> 3000) and dead 
cells—and  cells with high percentages of mitochondrial 
genes (> 10%). All datasets were down-sampled to 1000 
cells, using the subset() function and merged with the 
merge() function. The SCTransform() function (Highly 
variable features =  3000), was used to normalize the 

merged data according to the binomial regression model 
[32].

Dimensionality reduction was performed using Run-
PCA(), FindNeighbours() and FindClusters() functions 
successively while retaining 25 PCs, as determined by a 
PCA elbow plot. The dataset was clustered at successive 
resolutions separated by 0.1 by varying the resolution 
parameter (0–1) in the FindClusters() function. The final 
resolution of 0.5 was selected based on the clustering tree 
generated from the Clustree package [33]. The clustree() 
function was used to create a tree containing clusters 
present at all resolutions (0–1, as determined by Find-
Clusters() function), and the resolution of 0.5 was chosen 
based on the most stable level as visualized by the tree.

The dataset was converted to an h5ad file using Seur-
atDisk and loaded into a python environment (Python 
3.8.3) of a Jupyter notebook (v6.0.3) using Scanpy (v1.6.0) 
[34]. The cells were further refined using the Single Cell 
Clustering Assessment Framework (SCCAF) package 
(v0.0.10, https:// github. com/ SCCAF/ sccaf ) [35] where a 
machine learning algorithm iteratively generated clusters 
(150 iterations) until a 95% self-projection accuracy was 
reached. The final clustering iteration was projected onto 
a UMAP.

Gene set comparisons
The gene sets were calculated by comparing the control 
and cuprizone libraries. The up- and down- regulated dif-
ferentially expressed genes (DEGs) of each library were 
calculated using the FindAllMarkers function in Seurat 
(min.pct = 0.3, logFCthreshold = 0.3), retaining 227 genes 
(p < 0.05). The Euclidean distance between the DEGs was 
calculated using the dist() function, and the DEGs were 
further clustered using Ward’s methods (ward. D2) in 
the hclust() function of the stats R package (v4.1.2). The 
branches were divided into 4 gene sets using the cutree() 
function and the average gene expression values were 
plotted in Seurat using the DoHeatmap() function.

Gene regulatory network analysis
We assessed gene regulatory networks using the python-
based Single-Cell Regulatory Network Inference and 
Clustering pipeline (pySCENIC, v0.10.0, https:// github. 
com/ aerts lab/ pySCE NIC). The genome ranking data-
bases and transcription factor annotations were down-
loaded from cisTargetDBs (https:// resou rces. aerts lab. 
org/ cista rget/), specifically the Mus Musculus 9 (500 base 
pairs upstream of the transcription start site; Motif col-
lection V9; 7 orthologous species) and Mus Musculus 9 
(10k bases around the transcription start site for a total 
of 20k bases; Motif collection V9; 7 orthologous species) 

https://github.com/satijalab/seurat
https://github.com/SCCAF/sccaf
https://github.com/aertslab/pySCENIC
https://github.com/aertslab/pySCENIC
https://resources.aertslab.org/cistarget/
https://resources.aertslab.org/cistarget/
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databases and Mouse TFs (Motif collection V9). The co-
expression modules were determined using the pysce-
nic grn function (seed = 42). The co-expression modules 
were pruned using the CisTarget databases specified 
above in the pyscenic ctx function (num_workers = 20). 
The regulon—network of transcription factors, regula-
tors, and targets—activity was scored using the pyscenic 
aucell function (num_workers = 20). The regulon activ-
ity was integrated with the overall sequencing data using 
the add_scenic_metadata() function and the regulon 
specificity score for each cluster was calculated using the 
regulon_specificity_scores() function. The top 2 regulons 
per cluster were plotted using the sns.heatmap() func-
tion. Finally, the individual regulons were explored in 
Cytoscape using the iRegulon plugin.

Receptor‑ligand interactions
We assessed receptor-ligand interactions using the 
R-based intercellular communication tool, Nichenet [36] 
(v1.0.0, https:// github. com/ saeys lab/ niche netr). Specifi-
cally, we compared the ligands released from both saline-
treated (GSM4475128) and LPS-treated (GSM4475134) 
astrocytes from a publicly available dataset (GSE148612) 
[37] with respect to the receptors present on CAMs1–3. 
The ligand-target matrix (ligand_target_matrix.rds), 
ligand-receptor network (lr_network.rds) and weighted 
networks (weighted_networks.rds) were downloaded 
from Zenodo (https:// zenodo. org/ record/ 32607 58#. 
Y2U9w ezMKw4). The genes expressed by astrocytes and 
microglia were extracted using the get_expressed_genes() 
function (min.pct = 0.10) and filtered to keep only those 
present in the ligand-receptor network (ligands-astro-
cytes, receptors-microglia). The markers expressed by the 
CAMs relative to the astrocytes were isolated using the 
FindMarkers() function (ident.1 = CAMs, ident.2 = astro-
cytes, min.pct = 0.10) and filtered to include genes with 
adjusted p-value <=0.05 and absolute value of log thresh-
old > 0.25. The genes present in the ligand-target matrix 
were retained. The predicted ligands activity was calcu-
lated using the predict_ligand_activities() function and 
was sorted in descending order of Pearson correlation. 
The top-ranked genes were isolated from the weighted 
networks and plotted on a heatmap.

RNA velocity
RNA velocity was calculated using the ScVelo (v0.2.2, 
https:// github. com/ theis lab/ scvelo) package [38]. The 
spliced and unspliced gene abundancies were recovered 
using the tl.recover_dynamics() and tl.velocity() functions 
(mode = dynamical). The velocity for cells was plotted in 
stream lines using the pl.velocity_embedding_stream() 
function. The genes with high velocity differentials were 
calculated using the tl.rank_velocity_genes() function 

(Min_corr = 0.3) and the genes were plotted using the 
pl.heatmap() function. Further the initial and terminal 
states were defined using CellRank (v1.0.0, https:// github. 
com/ theis lab/ cellr ank) [39] using the tl.initial_states() 
and tl.terminal_states() (weight_connectivities = 0.2) 
functions respectively.

Functional gene ontology terms
The DEGs per cluster were  calculated using the Fin-
dAllMarkers() function (min.pct = 0.3, logFCthresh-
old = 0.3). The top 50 DEGs (p < 0.05) were inputted into 
the gProfiler web server (https:// biit. cs. ut. ee/ gprofi ler/ 
gost) to generate functional Gene Ontology terms, spe-
cifically from the gene ontology (molecular function, cel-
lular component, and biological processes), KEGG and 
REACTOME databases. Terms with a p value < 0.05 were 
retained and plotted on an alluvial plot using the ggallu-
vial package (v0.12.3) where the thickness of the bands 
corresponds to the genes at the intersection of the terms 
and clusters. The genes associated with each term were 
averaged and visualized through density plots using the 
plot_density function of the Nebulosa package (v1.4.0) 
[40].

Cell culture
Oligodendrocyte culture and lysis 
OPCs were isolated via immunopanning as previously 
described [41]. Briefly, we dissected cortices from post-
natal day 5–7 CD1 mice and dissociated with the gen-
tleMACs Neural Tissue Dissociation Kit P (Miltenyi 
Biotec 130–092-628). Dissociated tissue was passed over 
two Griffonia (Bandeiraea) simplicifolia lectin-1 (BSL-
1) (Vector Laboratories VECT1100) coated dishes for 
15 minutes each to remove microglia, macrophages, and 
endothelial cells, followed by placing the resultant cell 
suspension in an anti-GalC coated dish [42] for 45 min-
utes to remove post-mitotic oligodendrocytes. The cell 
suspension was lastly placed into an anti-O4 coated dish 
[43, 44] for 45 minutes to positively select for OPCs. 
OPCs were removed from the plate by exposing cells to a 
trypsin solution (50,000 units/ml; Sigma-Aldrich T9935) 
for seven minutes followed by repeated pipetting to dis-
lodge cells. Viable cells were counted and plated between 
200,000–500,000 cells/plate on poly-D-lysine (10 mg/
ml; Sigma-Aldrich P6407) coated tissue culture plates 
in OPC proliferation media. OPC proliferation media 
and differentiation media contained the same base of 
DMEM (Gibco 11960069), apo-transferrin (100 μg/ml; 
Sigma-Aldrich T1147), bovine serum albumin (100 μg/
ml; Sigma-Aldrich A4161), putrescine dihydrochloride 
(16 μg/ml; Sigma-Aldrich P5780), progesterone (60 ng/
ml; Sigma-Aldrich P8783), sodium selenite (40 ng/ml; 
Sigma-Aldrich S5261), insulin (5 μg/ml; Sigma-Aldrich 

https://github.com/saeyslab/nichenetr
https://zenodo.org/record/3260758#.Y2U9wezMKw4
https://zenodo.org/record/3260758#.Y2U9wezMKw4
https://github.com/theislab/scvelo
https://github.com/theislab/cellrank
https://github.com/theislab/cellrank
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
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I6634), GlutaMax (2 mM; Gibco 35050–061), PenStrep 
(1000 units/ml; Gibco 15140–122), sodium pyruvate 
(1 mM; Gibco 11360–070), n-acetyl cysteine (5 μg/ml; 
Sigma-Aldrich A8199), trace elements B (1x; Corning 
MT99175CI), B27+ supplement (2x; Gibco A3582801), 
and d-biotin (10 ng/ml; Sigma-Aldrich B4639). For 
OPC proliferation, PDGF-AA (10 ng/ml; Peprotech 
100-13A), NT3 (10 ng/ml; Peprotech 450–03), CNTF 
(10 ng/ml; Peprotech 450–13) and forskolin (4.2 μg/ml; 
Sigma-Aldrich F6886) were added to base media. OPCs 
were expanded to ~ 80% confluency and differentiated 
with OPC differentiation media where PDGF-AA was 
removed and T3 (40ng/ml; Sigma-Aldrich T6397) was 
added.

OPCs were differentiated into oligodendrocytes by 
removing mitogens for 48 hours. Oligodendrocytes were 
placed into base media for one hour and then incubated 
with lysophosphatidylcholine (100 μM; Sigma-Aldrich 
L1381) for one hour at 37 °C. We collected both condi-
tioned media and scraped the dish to obtain oligoden-
drocyte lytic cell carcasses. All media conditions were 
spiked with bovine serum albumin (2%; ThermoFisher 
11,020,021) and stored at 4 °C until use.

Microglia culture, live imaging and immunocytochemistry
Microglia were isolated via immunopanning and cul-
tured in serum-free conditions as previously described 
[45]. Briefly, we dissected cortices from postnatal day 
5–7 CD1 mice (Charles River) and dissociated corti-
cal tissue with the gentleMACs Neural Tissue Dissocia-
tion Kit P (Miletnyi Biotec 130–092-628). Dissociated 
tissue was incubated in an anti-CD11b (clone M1/70, 
Invitrogen 14–0112-85) coated dish to positively select 
microglia. Microglia were trypsinized (30,000 units/
ml; Sigma-Aldrich T9935) for 10 minutes, dislodged via 
repeated pipetting, counted, and plated in serum-free 
growth media on poly-d-lysine coated (10 mg/ml; Sigma-
Aldrich P6407) 96-well culture plates at a density of 
10,000 microglia/well. Microglia growth media was pre-
pared with a Neurobasal Media base (Gibco 21103049), 
Gem21 supplement (1x; GeminiBio 400–160-010), N2 
supplement (1x; ThermoFisher 17502–048), lipated BSA 
(1 mg/ml; ThermoFisher 11,020,021), GlutaMax (2 mM; 
Gibco 35050–061), sodium pyruvate (1 mM; Gibco 
11360–070), sodium chloride (50 mM; Sigma-Aldrich 
S5150), d-biotin (10 ng/ml; Sigma-Aldrich B4639),  and 
lactic acid (0.2%; Sigma-Aldrich L1250). Microglia were 
supplemented with colony-stimulating factor 1 (10 ng/ml; 
Peprotech 315–02), transforming growth factor β 2 (2 ng/
ml; Peprotech 100-35B),  cholesterol (1.5 μg/ml; Avanti 
Polar Lipids 700000P), heparan sulfate (1µg/ml; Galen 
Laboratory Supplies GAG-HS01), oleic acid (100ng/ml; 

Cayman Chemicals 90260), and gondoic acid (1ng/ml; 
Cayman Chemicals 20606) to support survival in serum-
free conditions. 

For assessments of in  vitro microglial phagocytosis, 
microglia were cultured for five days before treatments. 
For live-imaging experiments, CellTracker Green (10 μM, 
ThermoFisher C7025) and NucBlue™ (4 drops/ml, Ther-
moFisher R37605) were diluted in microglia media and 
incubated for 45 minutes at 37 °C. To track phagocytosis, 
CellTracker/NucBlue media was removed and microglia 
were exposed to myelin (5 μg myelin/well) and nuclei 
(10,000 nuclei/well) labeled with pHrodo™ Red (Invitro-
gen P36600), according to the product protocol. For cer-
tain phagocytosis studies, microglia were also exposed to 
10% FBS media, cytochalasin D (10 μg/ml) dissolved in 
DMSO (Millipore-Sigma C2618), or equivalent volume 
DMSO. Upon treatment, microglia were immediately 
transferred to an ImageXpress Pico (MolecularDevices) 
for live imaging.

To study Dectin1 expression, microglia were cultured 
for five days before being treated with nuclei (10,000 
nuclei/well),  myelin (5µg myelin/well), oligodendro-
cyte-conditioned media diluted 1:1 in microglia media, 
lipopolysaccharide (LPS) (1 μg/ml), phosphatidylserine 
(1 μg/ml; Avanti Polar Lipids 840032P), IL-1β (10 ng/
ml; R&D Systems 401-ML-005), TNF-α (10 ng/ml; R&D 
Systems 410-MT). After 72 hours, microglia were fixed 
with 4% paraformaldehyde, blocked with 10% normal 
donkey serum (Sigma-Aldrich D9663) diluted in 0.1% 
Triton-X100 and Dulbecco’s phosphate buffered saline 
(DPBS) with calcium and magnesium (Sigma-Aldrich 
D8662) for 45 minutes at room temperature. Then cells 
were incubated with primary antibody solution con-
taining rat anti-mouse Dectin1  (2 μg/ml; InvivoGen 
mabg-mdect) and rabbit anti-mouse CD11b (5 μg/ml; 
Novus Biologicals NB110–89474) overnight at 4 °C. 
Cells were washed with DPBS and incubated with 
secondary antibody solution containing anti-rat 488 
(3.75 μg/ml; Jackson ImmunoResearch 712–546-153), 
anti-rabbit Cy3 (3.75 μg/ml; Jackson ImmunoResearch 
711–166-152), and DAPI (5 μg/ml; Invitrogen D1306) 
for two hours at room temperature. Microglia were 
washed with DPBS and imaged using the ImageXpress 
Pico (Molecular Devices). All analyses were conducted 
in CellReporterXpress using the multiwavelength cell 
scoring analysis tool.

Statistics
To determine statistical significance (*P < 0.05) we used 
either a one or two-way analysis of variance (ANOVA) 
with post hoc testing (details in figure legends) with 
Prism Software (GraphPad by Dotmatrics). All data were 
presented as means ± SEM.
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Results
Microglia predominate within the corpus callosum 
during cuprizone demyelination
Dietary cuprizone induces demyelination three to four 
weeks after mice begin a cuprizone diet [22]. Similarly, 
the population of microglia and monocyte-derived mac-
rophages begin to expand after two weeks and peak at 
roughly six weeks based on the expression of non-spe-
cific microglia and macrophage markers [22, 46]. We 
first wanted to understand what myeloid cells respond 
to cuprizone demyelination. To define the microglial 
response, we used a tamoxifen-inducible cre-recom-
binase dependent reporter system under the CX3CR1 
promoter [47, 48]. With these mice, tamoxifen induces 
tdTomato expression in myeloid cells, including micro-
glia, peripheral monocytes, and border-associated mac-
rophages (BAMs), which include meningeal, perivascular 
and choroid plexus populations [49].

We gave mice tamoxifen starting at postnatal days 
12–13, which labels virtually all microglia and mac-
rophages and waited 4–6 weeks. At this point, only tissue-
resident macrophages such as microglia and BAMs retain 
the expression of tdTomato [49, 50]. We then placed mice 
on a cuprizone diet and counted tdTomato expressing 
microglia and BAMs before (1 and 2 weeks) and after 
(4 weeks) demyelination (Fig.  1a, b). Overall, we found 
that the vast majority of IBA1 (myeloid marker) and 
CD45 (pan-leukocyte marker) labelled cells expressed 
tdTomato, indicating that they were microglia or BAMs 
(Fig.  1b, c). We examined the BAM marker Lyve1 [51] 
to determine if BAMs contribute to cuprizone-induced 
demyelination and found Lyve1 labelled cells did not 
migrate into the corpus callosum during demyelina-
tion (Supp Fig. 1a). Microglial numbers roughly doubled 
between 2 and 4 weeks after cuprizone (Fig. 1d), concord-
ant with ongoing demyelination. Microglia expressed the 
proliferative marker (Ki67) suggesting microglia prolifer-
ate  between two and  four weeks after cuprizone (Supp 
Fig.  2a), consistent with the findings of others [52]. At 
the same timepoints, we found microglia contain myelin 
basic protein (MBP), indicating that microglia phagocy-
tose myelin debris (Supp Fig. 2b).

We found a smaller population of IBA1 and CD45 
labelled cells that did not express tdTomato, 3.3% at 

two weeks and 5.2% at four weeks on the cuprizone diet 
(Fig. 1c, e). Given that IBA1 can be found on T-cells and 
monocytes, we examined whether tdTomato-negative 
cells were T-cells using a T-cell specific marker, CD4. 
We found that a small population of these non-tdTo-
mato CD45 labelled leukocytes express CD4, suggesting 
a portion of them were T-cells and the remainder were 
likely monocyte-derived macrophages that infiltrate the 
brain parenchyma (Supp Fig.  1b-e). Similarly, we found 
no neutrophils within the corpus callosum parenchyma 
following dietary cuprizone (Supp Fig.  1f, g). To exam-
ine the microglial origin of IBA1-positive immune cells 
in the corpus callosum using a different Cre-line, we 
injected  Tmem119CreER;Rosa26TdTom mice with tamox-
ifen, which induces tdTomato expression in microglia, 
but not monocytes or BAMs [53] (Fig.  1f ). For mice 
on a control diet ~ 95% of microglia expressed tdTo-
mato, suggesting a minor portion of microglia did not 
undergo Cre-mediated recombination (Fig. 1g, h). Using 
 Tmem119CreER;Rosa26TdTom mice we confirmed that 
the vast majority of IBA-expressing cells in the corpus 
callosum during demyelination were microglia. Taken 
together, dietary cuprizone promotes microglial expan-
sion and recruits a small population of T cells and mono-
cyte-derived macrophages into the corpus callosum.

Distinct microglial state present during cuprizone‑induced 
demyelination
During pathological states, microglia respond in com-
plex and incompletely understood ways. Microglia may 
tailor their response to the unique features of different 
pathologies. Indeed, the microglial state in the aged white 
matter differs from the microglial state during amyloid-
associated neurodegeneration [54–56]. Currently, the 
properties of microglia during cuprizone-induced demy-
elination are not well characterized. To define the micro-
glial response to cuprizone-induced demyelination, we 
conducted single-cell RNA sequencing (scRNAseq) as 
this is a powerful approach to understand disease-asso-
ciated transcriptional changes within individual cells 
[54, 57–60]. We used fluorescence-activated cell sorting 
(FACS) to isolate CD11b-expressing cells from the cor-
pus callosum of control mice or mice fed a cuprizone 
diet for five weeks (Fig. 2a). We conducted droplet-based 

Fig. 1 Microglia predominate within the corpus callosum following cuprizone induced demyelination. a Schematic of myeloid cells in 
 CX3CR1creER;Rosa26tdTom mice 4 weeks post-tamoxifen. The tdTomato (tdTom) is restricted to microglia and border associated macrophages (BAM). 
b Representative immunohistographs of  CX3CR1creER;Rosa26tdTom mice on a control, two, or four week, cuprizone diet demonstrating preferential 
microglia expansion (tdTom reporter, red; CD45, white). Quantification of the proportion (c) and density (d) of microglia/BAM  (IBA1+ve/CD45+ve/
tdTom+ve) and (e) monocyte-derived macrophages (IBA1 + ve/CD45+ve/tdTom-ve) show preferential expansion of microglia/BAM. f Schematic of 
myeloid cells in  Tmem119creER;Rosa26tdTom mice. Quantification of the proportion (g) of microglia  (IBA1+ve/tdTom+ve) and (h) representative images 
confirm preferential expansion of microglia after cuprizone. Arrows indicate  tdTom-ve/CD45+ve cells. (c‑e) n = 3 (control) or n = 6–8 (1,2,4 week after 
cuprizone); Ordinary one-way ANOVA with Tukey’s multiple comparisons test (p < 0.05). Error bar ± SEM. (b) Scale bar, 50 μm

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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scRNAseq, discarded low-quality cells (Supp Fig.  3), 
and performed unsupervised clustering using the Lou-
vain algorithm [31, 61]. We further refined clustering 
using the Single-Cell Clustering Assessment Framework 
(SCCAF), which iteratively applies a machine learn-
ing approach to define a cell identity with high accuracy 
[35]. One bioinformatic feature, resolution, impacts the 
number of clusters. To determine an ideal resolution, we 
used Clustree [33] which determines stable clusters at 
diverse resolution values (Supp Fig. 4a). We constructed 
four sequencing libraries of control and cuprizone-fed 
mice from two independent experiments with minimal 
batch effects (Supp Fig. 4b). Overall, we obtained 10,041 
cells,  which were reduced to 9225 after quality control. 
To ensure an equal balance from each library, we down-
sampled all libraries to obtain 1000 cells/library, or 4000 
total cells. We projected cells onto a Uniform Manifold 
Approximation and Projection (UMAP) to visualize 
clustering.

Cell dissociation can cause an artifactual ex vivo acti-
vation of microglia characterized by the expression of 
immediate early and stress-induced genes [62]. We dis-
sociated tissue under cold conditions to prevent ex vivo 
microglial activation. We found limited expression of 
both immediate-early genes Fos and Jun and stress-
induced genes Zfp36 and Dusp1, suggesting minimal 
ex vivo activation (Supp. Figure 4c).

We initially clustered all cells and identified contami-
nation of ependymal cells (Supp Fig.  5a-d) based on 
the expression of Calml4, S100b, Vim, and Tmsb10 [63, 
64]. Microglia were identified based on the expression 
of Hexb, Fcrls, P2ry12, and Tmem119 and BAM were 
defined based on Lyve1, Ms4a7, and  Mrc1 [51, 60, 65] 
(Supp Fig. 5 a-d). We re-clustered microglia and BAMs to 
obtain 9 clusters: one BAM/macrophage, three cuprizone 
associated microglia (CAM), three naïve white matter 
associated microglia (WAM), and 2 clusters containing 
a mixture from control and cuprizone libraries (Mixed) 
(Fig. 2b). The BAM cluster also expressed genes linked to 
monocytes, such as Ccr2, suggesting that this cluster may 
be a mixture of monocytes and BAM (Supp Fig. 5d). The 
3 WAM clusters contained cells almost exclusively from 
control mice and expressed microglia homeostatic mark-
ers Hexb, Fcrls, P2ry12, and Tmem119 (Supp Fig. 5b). We 

found no newly expressed genes that differentiated these 
different WAM states, but instead, these WAM clus-
ters were derived from more modest differences in gene 
expression. For example, WAM1 expressed higher levels 
of several complement protein genes such as C1qa, C1qb, 
and C1qc, as well as genes related to cell motility such 
as Actb and Fcer1g (Supp Fig. 5e). Therefore, the WAM1 
subpopulation is likely primed toward a more motile and 
synapse pruning phenotype, consistent with the findings 
of others [56].

Microglia predominate during demyelination and 
their depletion throughout cuprizone consumption pre-
vents demyelination and preserves myelin ultrastructure 
[11]. Thus, microglia may cause, or enhance, cuprizone-
induced demyelination. Therefore, we aimed to dissect 
the microglial state associated with the cuprizone diet. 
We identified three microglial clusters highly enriched 
in microglia isolated from mice on a cuprizone diet 
and titled them CAM1, CAM2, and CAM3 (Fig.  2b, c). 
Consistent with microglial reactivity, CAM subpopu-
lations expressed high levels of lipid regulating genes 
such as the cholesterol metabolism gene Apoe and the 
lipid catabolic enzyme lipoprotein lipase (Lpl) (Fig.  2d), 
both of which  are commonly elevated within reactive 
microglia [66, 67]. CAM upregulated the pattern recog-
nition receptor Clec7a, which encodes Dectin1/Clec7a, 
a marker of the reactive  microglial phenotype common 
across several neurodegenerative conditions [66, 67]. 
Indeed, microglial Dectin1 expression was elevated as 
early as two weeks after mice started the cuprizone diet 
(Supp Fig. 6. CAM also express Axl, a Tyro3-Axl-Mertk 
receptor tyrosine kinase subfamily member (Fig.  2e). 
This family of receptors promotes phagocytic clearance 
of apoptotic cells based on the exposure of the ‘eat-me’ 
signal, phosphatidylserine [68]. Taken together, CAM 
subpopulations likely have enhanced phagocytic capacity. 
CAM also expressed the chemokine Ccl3, a factor that 
accelerates demyelination [69] and Fth1, a component of 
the iron storage protein Ferritin (Fig. 2e). Iron is enriched 
within oligodendrocytes [70] and the heightened Fth1 
may represent an iron accumulation in microglia follow-
ing oligodendrocyte death  and subsequent clearance by 
microglia. We clustered the differentially expressed genes 
using hierarchical cluster analysis to determine a gene 

(See figure on next page.)
Fig. 2 Single-cell RNA sequencing of corpus callosum myeloid cells from naïve mice and mice on a five week cuprizone diet. a Schematic 
showing microdissections, dissociation, fluorescence activated cell sorting (FACS), single cell RNA sequencing, and bioinformatic workflow. b 
Unsupervised graph-based clustering and machine learning-based reclustering of dataset projected onto a Uniform Manifold Approximation and 
Projection (UMAP). Most microglia isolated from naïve mice (control cells, blue) segregate from microglia isolated from cuprizone fed mice (orange) 
demonstrating distinct microglial states. b, c Microglia segregated into three cuprizone associated microglia (CAM) clusters, three white matter 
associated microglia (WAM) clusters enriched with homeostatic cells, and two clusters with a mixture of cuprizone and control cells. d, e Kernel 
density estimates of genes related to lipid regulation (Apoe and Lpl) and inflammation (Clec7a, Axl, Ccl3, and Fth1) were projected onto UMAPs and 
were found to be enriched within CAM. f Hierarchical clustering of differentially expressed genes with Wards method produced four gene sets 
including 227 genes that could differentiate clusters. Legend represents average gene expression values with red and blue indicating higher and 
lower expression, respectively
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Fig. 2 (See legend on previous page.)
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Fig. 3 Gene regulatory networks (GRN) of microglia demonstrate cuprizone induces a distinct state. a GRN of microglia and BAM clusters (b) from 
corpus callosum microglia isolated from naïve mice and mice fed cuprizone for five weeks. Legend represents the regulon specificity score with 
blue indicating higher Z-score values i.e., higher expression. c Unsupervised graph-based clustering onto a UMAP of SCENIC derived GRN scores 
and (d) gene expression from single cell RNA sequencing dataset highlighting three most enriched cuprizone associated microglia regulons: Atf3, 
Bhlhe40, and Hif1α. e Genes identified by SCENIC as being regulated by Atf3, Bhlhe40, and Hif1α
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signature for each identified microglial subpopulation. 
We obtained four unique gene sets based on 227 genes. 
The WAM were primarily restricted to gene sets one and 
two and the CAM to sets three and four (Fig.  2f, Supp 
Table 1).

Given that transcription factors and their associ-
ated networks regulate gene expression, we reasoned 
that more distinctive microglial states are likely to have 
unique gene regulatory networks. To examine microglial 
regulation, we conducted single-cell regulatory network 
interference and clustering (SCENIC) analysis [71]. This 
tool assesses the gene regulatory networks (GRN)—a set 
of transcription factors, regulators, and downstream tar-
gets—of defined cell clusters to understand how micro-
glial clusters are transcriptionally regulated. SCENIC 
measures transcription factors and co-regulated genes 
with significant motif enrichment for a given transcrip-
tion factor. We found the BAM cluster to be strongly 
enriched for three regulons linked to macrophages: 
Runx3, Tfec, and Trsp1 (Fig. 3a). Runx3 regulates TGFβ 
related genes within colonic mononuclear phagocytes 
[72], while Tfec is a macrophage-specific transcription 
factor important in regulating several IL4-response genes 
[73, 74].

The CAM3 cluster was also distinct, containing three 
enriched regulons: Atf3, Bhlhe40, and Hif1α (Fig. 3a–d). 
The roles of these transcription factors are unknown dur-
ing cuprizone demyelination. Atf3 is stimulated by endo-
plasmic reticulum stress, cytokines, chemokines, and 
lipopolysaccharide (LPS), suggesting it is a hub for dif-
ferent forms of cellular stress and inflammatory signals 
[75]. Using the Cytoscape  iRegulon plugin, we identified 
Atf3 as an essential regulator of several immediate early 
genes, such as Fos, Jun, and Egr1 (Fig. 3e), that are related 
to a more surveillant microglial state [76]. Interestingly, 
Bhlhe40 and Hif1α regulate each other, suggesting they 
are part of an interconnected transcriptional network 
(Fig.  3e). Little is known about Bhlhe40 in microglia, 
but Hif1α protein is regulated by oxygen levels and its 
transcriptional activity is enhanced during hypoxia [77]. 
Heightened  Hif1α  is surprising because the cuprizone 
diet does not induce hypoxia [78, 79]. However, Hif1a 
mRNA also regulates cytokine secretion [80]. Hif1a acts 
as a metabolic regulator known to enhance glycolysis and 
upregulate glucose transporters [81]. Consistent with 
heightened microglial Hif1α, CAM express heightened 
glycolysis genes pyruvate kinase isozyme M2 (Pkm2), 
lactate dehydrogenase (Ldha), and Glut6 (Slc2a6), a glu-
cose transporter enriched in macrophage stimulated with 
the LPS [82] (Supp Fig. 7a). We examined the genes that 
Hif1α and Bhlhe40 were predicted to regulate (Fig.  3e) 
in CAM states and found CAM subpopulations upregu-
lated genes involved in cellular metabolism (Gla, Ctsa, 

Asph) and lysosomal function (Pld3, Gabarap, Grn, Gla). 
Therefore, cuprizone induces a distinct microglial state 
enriched with Atf3, Bhlehe40, and Hif1α gene regulatory 
networks resulting in a shift towards a more inflamma-
tory state characterized by greater glycolysis and altered 
lysosomal function.

To understand potential CAM functions, we synthe-
sized microglial gene expression according to gene ontol-
ogy (GO) annotations. Here, we compared each cluster’s 
top 50 differentially expressed genes to the functional 
pathways available in the gene ontology (molecular 
function, cellular component, and biological processes), 
KEGG and REACTOME databases to identify enriched 
processes within different clusters. From this, we deter-
mined that CAM expressed genes related to phagocyto-
sis (phagocytic vesicle and late endosome), metabolism 
(oxidative phosphorylation, oxidoreductase activity, and 
cell respiration), and cytokine regulation (interleukin-1 
(IL1) regulation and tumor necrosis factor (TNF) regula-
tion) (Fig. 4a, b). As a phagocytic microglia state is linked 
to increased oxidative phosphorylation and cellular res-
piration in development [83], these metabolic pathways 
may indicate a highly phagocytic CAM state. The average 
gene expression for GO annotations were projected onto 
the microglia clusters demonstrating that CAM 2 and 
CAM 3 upregulate genes associated with programmed 
cell death, IL1 regulation, and TNF regulation.

Microglia and astrocytes signal to each other [84], 
which may be important in determining the CAM state. 
We used a bioinformatic tool, called NicheNet [36], to 
gain insight into potential astrocyte ligands that may 
regulate the CAM state. We compared homeostatic or 
immune-boosted astrocyte datasets [37] with our CAM 
single cell transcriptomics (Supp Fig.  8). We found 
homeostatic astrocytic factors such as Apoe and Fgf1 
were potential regulators of the CAM state. By contrast, 
astrocytes from animals treated with the immune stimu-
lant lipopolysaccharide (LPS) were enriched with Bmp7, 
Fgf1, Apoe, and Csf1 which were potential regulators of 
the CAM state.

Given that inflammatory conditions can enhance reac-
tive oxygen species (ROS) production in microglia [85], 
we used KEGG and REACTOME databases and litera-
ture sources to identify ROS-producing and -scavenging 
enzymes (Supp. Table 2). We summed and projected ROS 
enzymes onto microglial UMAPs and found that CAM 
subpopulations expressed higher levels of ROS-pro-
ducing and -scavenging enzymes (Fig. 4b, Supp Fig. 7b). 
Despite this upregulation, we found the CAM state was 
associated with heightened lipid peroxidation as defined 
by the deposition of malonaldehyde within the corpus 
callosum after four weeks on a cuprizone diet (Supp 
Fig. 7c). Therefore, cuprizone results in a microglial state 
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Fig. 4 Cuprizone-associated microglia are linked to inflammatory processes and reactive oxygen species production and resemble “disease 
associated microglia”. a Alluvial plot linking microglial clusters from naïve and five weeks post-cuprizone dataset to gene ontology terms. b Gene 
ontology terms projected onto UMAP of naïve and five weeks post-cuprizone microglia. ROS producer and ROS scavenger genes were compiled, 
summed, and projected onto a UMAP projection. c Unsupervised graph-based clustering onto a UMAP for cuprizone dataset combining clusters 
identifies five clusters: cuprizone associated microglia (CAM) 1 to 3, mixed, and white matter associated microglia (WAM). Safaiyan et al. 24 month 
old grey and white matter dataset contained four clusters: homeostatic (homeo), reactive white matter microglial (RWAM), and activated 
[55]. Frigerio et al. dataset with 3, 6, 12, and 21 month-old  APPNL-G-F mice contained four clusters: disease associated microglia (DAM)1, DAM2, 
proliferative microglia (Prolif ), and homeo [56]. d Cuprizone dataset, Safaiyan et al. dataset, and Frigerio et al. dataset were compared using the 
four gene sets derived from the differentially expressed genes from cuprizone dataset (this study). Data was normalized and red represents higher 
average expression while blue represents lower average expression
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associated with proinflammatory cytokine regulation, 
phagocytosis, and ROS production.

To understand the transitioning of microglial sub-
populations between WAM and CAM states, we used 
scVelo to calculate RNA velocity, which leverages each 
cell’s spliced and unspliced information to determine the 
rates of active transcription and repression [38]. We fur-
ther explored the data using CellRank, an algorithm that 
models cell state dynamics to identify initial and terminal 
cell states based on the RNA velocity data [39]. To our 
surprise, CellRank identified CAM3 as the initial cell 
state with terminal conditions in WAM1, WAM2, and 
WAM3, potentially suggesting that the CAM state was 
directed toward the resolution of inflammation (Supp 
Fig.  9a-d). We observed multiple trajectories between 
homeostatic and the CAM3 subpopulation, with termi-
nal states residing within several WAM subpopulations 
and a single initial state in CAM3 (Supp Fig.  9c). We 
identified multiple cellular trajectories between CAM3 
towards WAM1, WAM2, and WAM3, suggesting CAM3 
is a convergent state between multiple microglial home-
ostatic clusters (Supp Fig.  9c). To understand the genes 
that drive the transition into each subpopulation, we 
examined the genes with dynamic velocity across latent 
time (Supp Fig.  9e). We identified Apoe and Apoc1 as 
dynamically regulated genes as they both contain cells 
with more unspliced transcripts, indicative of increased 
transcription of these genes in CAM3 cells (Supp Fig. 9f ). 
From this work, we identify CAM3 as a coalescent cel-
lular state.

Currently, microglial states are defined for several dif-
ferent ages and conditions, including during development 
[54, 86–88], lysophosphatidylcholine (LPC)-induced 
demyelination [50, 54], within amyloid producing Alz-
heimer’s disease models or brains [56, 67, 89], during 
aging [55, 90], and within MS and autoimmune mod-
els [58, 91, 92]. We compared our data to other pub-
lished microglial states to understand how CAM relate 
to microglia from other conditions. We chose available 
datasets with comparable murine microglial isolations 
because tissue dissociation methods can impact the 
microglial state [62]. Safaiyan and colleagues identified 
a reactive subpopulation of microglia within white mat-
ter regions that are more prominent during aging, which 
we refer to as reactive white matter-associated microglia 
(RWAM) [55]. Frigerio and colleagues isolated microglia 
from amyloid-producing  APPNL-G-F mice and identified 
disease-associated microglia (DAM) subpopulations [56, 
67]. Based on our gene expression profile, we postulated 
that the CAM state may be similar to either the RWAM 
or DAM states. We first merged our homeostatic WAM 
and mixed clusters to compare the microglial states from 
our datasets with others (Fig.  4c). We then clustered 

microglia from 24-month grey and white matter [55] 
and 3, 6, 12, 21 month-old  APPNL-G-F mice [56] (Fig. 4c). 
From aged white matter we confirmed the original clus-
tering to identify RWAM and activated microglial sub-
populations [55]. The activated microglial subpopulation 
was enriched with genes responsible for translation, like 
those in our gene set 3 (Fig. 4d). We compared the gene 
signature of the CAM, RWAM, and DAM states using 
the identified CAM-based gene sets (Fig. 2f ). We found 
that CAM2 and CAM3 most closely resembled DAM1 
and DAM2 states from  APPNL-G-F mice (Fig. 4d), similar 
to the findings of others [93]. Overall, we find CAM sub-
populations resemble the transcriptional state of micro-
glia associated with amyloid plaques more closely than 
those in the aging white matter.

Microglia consume lytic carcasses
Given the similarities between CAM and DAM states, we 
asked whether microglia during the cuprizone diet have 
similar roles to microglia during excess amyloid produc-
tion. Microglia surround Aβ plaques and phagocytose 
amyloid, likely to limit damage to neural cells [94, 95]. 
We postulated that the CAM state may serve a similar 
role by phagocytosing myelin debris and dead cells dur-
ing cuprizone-induced demyelination. Cell death occurs 
through diverse mechanisms with various perturbations 
of the intracellular or extracellular environments that 
transduce  signals to cause cell death, including different 
cell death subroutines with lytic (also called necrotic) or 
apoptotic morphologies [96]. We first wanted to iden-
tify the distribution of lytic and apoptotic morpholo-
gies during cuprizone. Cuprizone diet induces diverse 
mechanisms causing oligodendrocyte cell death, includ-
ing both apoptotic and lytic forms such as ferroptosis, 
necroptosis, and pyroptosis [22]. We previously found 
that loss of cellular RNA occurs due to diverse cell death 
mechanisms [97]. RNA and DNA can be visualized by 
the nucleic acid dye acridine orange (AO) and used to 
differentiate morphological attributes indicative of lytic 
and apoptotic cell death. AO stains DNA with green 
fluorescence (490-550 nm wavelength) and RNA with 
red fluorescence (580-750 nm wavelength) using 488 nm 
excitation (Fig. 5a, b).

As a first approach to understand whether microglia 
clear lytic and apoptotic cells, we first wanted to clarify 
and validate the use of AO to morphologically distin-
guish apoptotic and lytic carcasses. We examined cells 
with abnormal morphology based on AO staining and 
quantified whether these cells were apoptotic based on 
the expression of cleaved caspase-3 (CC3). We identi-
fied two distinct morphologies of CC3-positive cells: cells 
with a bright nuclear red staining we termed ‘early apop-
tosis’ and cells characterized by nuclear fragmentation 
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or two-beaded nuclei we termed ‘late apoptosis’ (Fig. 5c; 
Supp Fig.  10). In contrast, ‘lytic’ cell death was defined 
by a lack of cellular RNA and a round, unfragmented 
nucleus (Fig. 5a, g), which we previously found occurred 
in conjunction with cell membrane permeability in cul-
ture and tissue [97]. We found lytic cells co-labelled with 
NINJ1 (Supp Fig.  10), a protein responsible for plasma 
membrane rupture [98, 99]. We then quantified cells with 
these early apoptotic, late apoptotic, and lytic morpholo-
gies along the time course of cuprizone toxicity. Male 

mice were fed a cuprizone diet for one or three weeks 
(Fig.  5d–f), stained with AO, imaged, then immunola-
belled with CC3 before imaging again. Overall, we found 
both early and late apoptotic morphologies, but not lytic 
morphologies, co-labelled with CC3, further verifying 
that this morphology distinguishes apoptotic from lytic 
cell death. We then examined cell death with AO before 
cuprizone-induced demyelination at one and three weeks 
and after demyelination at five weeks (Fig. 5h). Cell death 
peaked by week three of cuprizone, with surprisingly 

Fig. 5 Cuprizone induces diverse forms of cell death. a Schematic of acridine orange (AO) fluorescence for lytic and apoptotic cells from [97]. b 
Representative images from AO-stained tissue highlighting green nuclear (DNA) and red cytoplasmic (RNA) fluorescence. (c) Representative AO 
images of ‘early apoptosis’ and ‘late apoptosis’ morphologies based on red condensing and fragmented morphologies, respectively. AO images were 
matched with comparable immunohistograph images with the apoptotic marker cleaved caspase 3 (CC3). (d) Early apoptotic, (e) late apoptotic, 
and (f) lytic cells stratified by CC3 expression were quantified from control animals and those on a cuprizone diet. g Representative morphologies of 
early apoptotic, late apoptotic, and lytic cells based on AO fluorescence. h Quantification of cell death based on AO fluorescence across a five-week 
cuprizone time course. (d‑f) n = 2–3 (h) n = 3–7; Two-way ANOVA with Tukey’s multiple comparisons test (p < 0.05). Error bar ± SEM. Scale bar, (b) 
50 μm (c, g) 10 μm
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Fig. 6 Microglia ablation causes accumulation of lytic carcasses. a Schematic of microglia ablation starting two weeks after mice began a cuprizone 
diet. b. Representative corpus callosum acridine orange (AO) stained section imaged after 10 days of diphtheria toxin treatment. Microglia ablation 
elevated lytic morphologies, based on morphological criteria to differentiate apoptotic morphologies (red arrowhead) and lytic morphologies 
(white arrowhead). This observation is reflected in quantification of total dead cell density (c) and cell density stratified by apoptotic and lytic 
morphologies (d). (e) Ten days of diphtheria toxin injections to ablate microglia did not increase the density of dead tdTomato-positive cells 
(microglia). f Representative AO-stained image overlaid with immunohistochemical image demonstrating lytic carcass inside of microglia. g In 
control mice fed cuprizone lytic carcasses were commonly found within microglia, but after microglia ablation, this phenomena was rare. (c, d, e, 
f) n = 5–6/group. (c, e) One-way ANOVA with Tukey’s multiple comparison test. d Two-way ANOVA with Holm-Sidak’s multiple comparisons test. g 
Welch’s T test. Error bar ± SEM. Scale bar, (b) 50 μm (f) 10 μm
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high levels of lytic cell death before and after demyelina-
tion. The early cell death at two weeks post-cuprizone 
preceded the microglial expansion between two to four 
weeks on cuprizone (Fig.  1). Therefore, AO-based mor-
phology can define lytic and apoptotic cell death mor-
phologies, which are found before robust microglial 
expansion and demyelination.

It is still unclear which cells  are responsible for clear-
ing dead cells  during cuprizone-induced demyelina-
tion. To understand the contribution of microglia in the 
clearance of cell carcasses, we ablated microglia using 
 CX3CR1creER;  Rosa26tdTom;  Rosa26iDTR transgenic mice 
(Fig. 6). These mice insert an inducible diphtheria toxin 
receptor (iDTR) into CX3CR1 expressing cells following 
tamoxifen injections. We injected mice with tamoxifen 
for three days starting at postnatal days 12 or 13 and pro-
vided cuprizone four to six weeks later to ensure iDTR 
is expressed solely within resident macrophages, like 
microglia. Thus, these mice express tdTomato and iDTR 
following tamoxifen treatment, allowing us to fate-map 
and specifically ablate microglia and BAMs via diphthe-
ria toxin (DT) injection [48, 50]. We fed cuprizone for 
two weeks to induce cell death before injecting diphthe-
ria toxin or saline for ten consecutive days while keeping 
mice on cuprizone (Fig. 6a). DT injections of iDTR-posi-
tive mice significantly lowered the density of microglia in 
the corpus callosum by 93% compared to iDTR-negative 
mice (Supp Fig.  11a, b). Mice that were iDTR-positive 
and treated with saline had no reduction in microglia 
density, demonstrating a lack of endogenous iDTR activ-
ity without DT injection (Supp Fig.  11a, b). Microglia 
ablation did not alter oligodendrocyte lineage cell density 
based on Olig2 labelling—a pan-oligodendrocyte lineage 
marker—suggesting that microglia were not killing oligo-
dendrocyte lineage cells (Supp. Fig. 11c, d). Surprisingly, 
unlike microglia ablation throughout dietary cuprizone 
[11], ablation of microglia two weeks after the start of 
dietary cuprizone did not alter demyelination based on 
the lipid stain euriochrome cyanine (Supp Fig.  11e, f ). 
Therefore, microglia involvement in demyelination may 
occur within the first two weeks after the start of dietary 
cuprizone.

To understand whether microglia ablation changed 
the clearance  of dead cells, we treated  CX3CR1creER; 
 Rosa26tdTom;  RosaiDTR and control mice with cupri-
zone and ablated microglia starting at two weeks. We 
then examined AO-stained corpus callosum sections 
(Fig. 6b). We found that microglia ablation increased the 
density of dead cells, with an accumulation of lytic, and 
not apoptotic, carcasses (Fig. 6c, d). Importantly, we did 
not observe a rise in dead microglia—based on tdTo-
mato expression in AO-stained cells with a morphology 
indicative of death—suggesting that the accumulation of 

lytic cells was not a consequence of microglia ablation 
(Fig.  6e). We conclude that microglia were responsible 
for clearing lytic carcasses. Indeed, we identified ~ 35% 
of lytic carcasses inside tdTomato-positive microglia, 
which dropped to ~ 4% after microglia ablation (Fig.  6f, 
g). Given that apoptosis was ongoing during cuprizone 
consumption (Fig.  5h) and that apoptotic carcasses did 
not accumulate after microglial ablation, we reason other 
phagocytic glial cells support the clearance of apoptotic 
corpses. From this work, we conclude that apoptotic car-
casses may be cleared by several glial cells, while micro-
glia are the major contributor to the clearance of lytic cell 
carcasses.

Microglia exposure to dead oligodendrocyte components 
partially recapitulates CAM state
Knowing that microglia are critical for the clearance of 
dead cells during cuprizone-induced demyelination and 
that they form a distinct microglial state, we wanted 
to understand whether exposure to factors enriched 
during cuprizone is responsible for their state. To 
examine how microglia change in culture, we cultured 
microglia in serum-free conditions as they are more 
similar to homeostatic microglia than in traditional 
serum-based cultures [45]. To assess the CAM state, 
we measured Clec7a/Dectin1 levels in cultured micro-
glia because Clec7a defines the CAM state (Fig. 2) but 
is also increased in response to diverse disease states, 
including animal models of Alzheimer’s disease, mul-
tiple sclerosis, amyotrophic lateral sclerosis, and aging 
[66]. We first treated microglia with an array of pro-
inflammatory factors, including LPS, IL1β, phosphati-
dylserine, and TNF (Fig. 7a). Surprisingly, these factors 
did not increase Dectin1 expression in serum-free 
microglia cultures. Indeed, the classical immune stim-
ulant LPS consistently reduced Dectin1 in microglia. 
We then postulated that internalization of debris may 
be required to increase Dectin1. Serum-free microglia 
do not readily phagocytose myelin debris unless in the 
presence of serum [45] (Supp Fig. 12a). Exposing cells 
to pHrodo™ labelled myelin, which fluoresces inside of 
acidic cellular compartments after phagocytosis and 
verifying uptake with immunocytochemistry towards 
myelin basic protein, demonstrates that roughly 10% 
of microglia can phagocytose myelin debris by 72 hr. 
even in the absence of serum (Supp Fig.  12a–c). This 
limited myelin phagocytosis was associated with more 
microglia that expressed Dectin1 (Fig. 7b, c). Exposure 
to serum increased the proportion of microglia that 
phagocytose myelin, which resulted in heightened Dec-
tin1 expression (Supp Fig. 12d–f ).

One key component of lytic carcasses is the nucleus. 
To determine whether microglia can phagocytose nuclei, 



Page 18 of 24Zia et al. Molecular Neurodegeneration           (2022) 17:82 

we isolated pure nuclei and labelled them with pHrodo™. 
Like myelin, microglia in serum-free conditions do not 
phagocytose nuclei but phagocytose nuclei in the pres-
ence of serum (Supp Fig. 12 g). The addition of nuclei in 
the presence or absence of serum did not increase Dec-
tin1 in microglial cultures (Supp Fig. 12 h, i). As dietary 
cuprizone kills myelinating oligodendrocytes [22], we 
aimed to model lytic carcasses following cuprizone by 
inducing lytic cell death of oligodendrocytes with the 
lipid disrupting agent LPC [100]. We treated cultured 
oligodendrocytes with LPC, then albumin, which che-
lates LPC and prevents further toxicity [100]. We col-
lected both the conditioned media (CM) and dead cell 
debris of LPC and albumin-treated oligodendrocytes 
(Fig.  7d). We found that the CM of dead oligodendro-
cytes did not increase microglial Dectin1, suggesting that 

damage-associated molecular patterns do not change 
Dectin1 in cultured microglia (Fig.  7e). By contrast, the 
LPC-treated cellular debris, or oligodendrocyte lytic car-
casses, significantly increased the proportion of Dectin-
1-positive microglia, suggesting some aspect of the dying 
carcass, and not the lytic nuclei, were required to induce 
Dectin1 expression in cultured microglia (Fig. 7e, f ). We 
conclude that microglia can phagocytose nuclei present 
after lytic cell death, but only after treatment with mye-
lin debris or lytic carcasses do they take on a Dectin1-
expressing microglial state.

Discussion
The pathogenesis of cuprizone-induced demyelination is 
still unclear but likely models aspects of MS pathophysi-
ology. Here, we found that microglia predominate during 

Fig. 7 Exposure to myelin and dead cellular debris stimulates CAM marker Dectin1/Clec7a in microglial culture. a Using purified, serum-free, 
microglial cultures, proinflammatory cytokines and immune stimulants failed to increase the proportion of microglia expressing Dectin1. b, 
c Quantification and representative immunocytochemical image demonstrating myelin debris exposure increases the proportion of Dectin1 
expressing microglia, in purified, serum-free, cultures. d Schematic illustrating experimental procedure to kill cultured oligodendrocytes with LPC 
and subsequent chelation of LPC with albumin to halt toxicity. e, f Quantification and representative immunocytochemical image demonstrating 
that exposure to LPC-treated oligodendrocyte carcasses stimulates microglial Dectin1. a, b, e n = 3 wells in 2–3 independent experiments (a, e) 
One-way ANOVA with Dunnett’s multiple comparison test. b Unpaired T-Test. Error bar ± SEM. Scale bar, (c, f) 50 μm
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the progression of cuprizone-induced demyelination, 
with a minor infiltration of T cells and monocyte-derived 
macrophages. At peak demyelination, we identified a 
distinct microglial state characterized by genes involved 
with pro-inflammatory cytokine regulation and oxida-
tive stress with altered metabolic and lysosomal gene 
expression. In comparing this microglial state with other 
disease conditions, we and others [93] find the CAM 
states highly resemble the plaque-associated DAM states 
present in other neurodegenerative disorders. Cupri-
zone induced both apoptotic and lytic forms of cell death 
weeks before demyelination was present, suggesting 
that oligodendrocyte injury precedes myelin disruption. 
We found that lytic carcasses were prominent and that 
microglia were necessary for their clearance. In culture, 
the uptake of lytic carcasses recapitulated the expres-
sion of Dectin1, a central marker of the CAM state and a 
microglial neurodegenerative phenotype [66].

The presence of lytic carcasses and myelin debris 
upregulate elements of the CAM state, suggesting 
the internalization of cellular components drives this 
state. Indeed, the related microglia neurodegenerative 
phenotype is recapitulated by injecting apoptotic cells 
into the brain [66]. We clarify these findings to show 
that myelin and dead cells are sufficient to drive this 
microglial state change within highly pure microglial 
cultures. What initiates microglia phagocytosis? We 
found, as did Bohlen and colleagues [45], that serum-
free microglia cultures are largely non-phagocytic, 
suggesting that microglia require a stimulus to phago-
cytose extracellular debris.

What extracellular elements promote microglial 
phagocytosis of debris? Myelin debris is laden with phos-
phatidylserine, which is necessary for its phagocytosis 
[55]. However, this common ‘eat me’ signal is surprisingly 
insufficient to drive microglial phagocytosis under basal 
conditions in serum-free cultures. Antibodies, comple-
ment proteins, or fibrin are potential serum-related fac-
tors that could push microglia into a phagocytic state. 
The mild disruption of the blood-brain barrier after cupr-
izone consumption may be sufficient to encourage micro-
glial phagocytosis [101, 102]. Another factor that could 
alter microglial phagocytosis is type I interferons, such 
as interferon (IFN)-β. IFN-β promotes microglial phago-
cytosis [103, 104] and expression of IFN response ele-
ments such as Irf7, Ifitm3, and Ifit3 are present in CAM 
subpopulations suggesting that microglia may respond to 
type I IFN during cuprizone toxicity. Indeed, the loss of 
IFN-β during dietary cuprizone results in fewer reactive 
microglia and more apoptotic carcasses, which is sugges-
tive of a defect in clearance [105]. IFN-β may, therefore, 
be an essential trigger to enhance phagocytosis resulting 
in crucial elements of the CAM state.

After microglia phagocytose dead cells, it remains 
unclear what drives the altered microglial states. Recently 
Dolan and colleagues exposed human stem cell-derived 
microglia to synaptosomes, myelin debris, apoptotic neu-
rons, or synthetic amyloid-beta and found that all of these 
substrates drive a DAM state in culture [106]. Given the 
high overlap between the CAM and DAM states, micro-
glial phagocytosis is likely a common mechanism caus-
ing these disease-associated states. How phagocytosis 
is linked to DAM states remains an open question but 
is likely important given the extensive overlap between 
these states across neurological diseases.

It is well established that microglia can phagocytose 
apoptotic cells [107]. Astrocytes can also phagocytose 
synapses [26] and dead cells [27, 28], with astrocytes as a 
likely cell to compensate for ablated microglia [28]. Alter-
natively, oligodendrocyte progenitors can also conduct 
phagocytosis [24, 25] and may also support phagocytosis 
of carcasses after microglial ablation. While mechanisms 
for non-microglial phagocytosis are still to be discov-
ered  within the CNS, one way astrocytes phagocytose 
is via the phagocytic receptors Megf10 and Mertk [26], 
which sense ‘eat me’ signals such as phosphatidylserine 
[108]. Phosphatidylserine in healthy cells is restricted to 
the inner leaflet of the lipid bilayer by ATP-dependent 
translocases [109]. During apoptosis, caspase 3/7 tar-
gets the scramblase Xk-related protein 8 (Xrk8) which 
rapidly flips phosphatidylserine to the outer lipid bilayer 
leaflet [110]. This phosphatidylserine translocation allows 
apoptotic cells to be recognized by several phosphatidyl-
serine receptor systems—including those expressed by 
astrocytes—to facilitate apoptotic cell clearance [108]. By 
contrast, lytic (also called necrotic) forms of death do not 
necessarily promote phosphatidylserine translocation to 
levels allowing cells to be recognized by phagocytes [111]. 
For this reason, there are alternative mechanisms to tag 
and promote the phagocytosis of lytic cells, but the mech-
anisms of this within the CNS remain to be uncovered.

How does the prominent microglial accumulation relate 
to blood brain barrier (BBB)  permeability during dietary 
cuprizone? The disruption of the BBB is seen as early as 
three days after cuprizone, based on Dextran or Evans 
Blue tracer leakage into the brain [101, 102]. Consistent 
with BBB disruption, tight junction proteins are down-
regulated by  five-to-seven  days post-cuprizone and are 
further decreased at five weeks post-cuprizone, suggesting 
BBB disruption for the entire course of cuprizone treat-
ment [101]. This leaky BBB might present points of entry 
for peripheral immune cells or other immunogenic factors 
into the brain. However, we found limited entry of T-cells 
and that the vast majority of myeloid cells in the corpus cal-
losum were microglia. The robust expansion of microglia, 
with limited monocyte contribution, similarly occurs after 
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facial nerve injury in the facial nucleus [112]. Likewise, 
limited monocyte recruitment occurs after LPC-induced 
demyelination, but microglia preferentially expand to 
monopolize the demyelinated lesion and prevent the move-
ment of monocytes within spared white matter [50]. Unlike 
the CNS, in the peripheral nervous system monocytes are 
the major source of phagocytes after LPC-induced demy-
elination. Our current work and these studies highlight that 
even under inflammatory conditions, monocyte access to, 
and movement, within the CNS is restricted.

Conclusions
We identify microglia as the primary immune cell in the 
corpus callosum during cuprizone-induced demyelination 
that  form a cuprizone-associated microglia (CAM)  state. 
The CAM state is associated with Atf3, Bhlehe40, and Hif1α 
gene regulatory networks, enriched with genes related to 
cytokine regulation, and shifts towards a more oxidative 
phenotype. CAM are required to consume lytic carcasses 
after cuprizone exposure. The phagocytosis of lytic corpses 
in culture can partially recapitulate the CAM state, suggest-
ing that clearance alters the microglial phenotype.
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Additional file 1: Supp. Fig. 1. Microglia predominate following 
cuprizone-induced demyelination. a Microglia and BAM express tdTomato 
(tdTom, red) in  CX3CR1creER;  Rosa26tdTom mice with early tamoxifen 
injections. Representative immunohistochemical images from 
 CX3CR1creER;  Rosa26tdTom mice four weeks on a cuprizone diet with 
border-associated macrophage (BAM) marker (Lyve1, green) and 
pan-leukocyte marker (CD45, white) depict low BAM presence during 
cuprizone-induced demyelination. b There was a minor T cell presence at 
four weeks on a cuprizone diet in  CX3CR1creER;Rosa26tdTom mice. 
Representative immunohistochemical images with T cell marker (CD4, 
green) and pan-leukocyte marker (CD45, white) in dorsal (d) and ventral 
(e) inlets. (c) CD4 was validated in tissue from lymphocyte-driven 
experimental autoimmune encephalomyelitis (EAE). (d) Example of T cell 
 (CD45+ve,  CD4+ve,  tdTom-ve) in the dorsal inlet, and example of likely 
monocyte  (CD45-ve,  CD4+ve, tdTom-ve) in ventral inlet. (f, g) Immunohisto-
chemical images demonstrate neutrophils (Ly6G, green) are absent from 
the CNS parenchyma, tdTom (red). Ly6G (green) antibody was validated in 
the EAE MS animal model. Scale bar, (a, b, c, f, g) 100 μm, (d, e) 50 μm. 
Supp. Fig. 2. Microglia proliferate and phagocytose myelin debris during 
cuprizone-induced demyelination. a Representative images of microglia 

expressing tdTomato (tdTom, red) in  CX3CR1creER;Rosa26tdTom mice express 
the proliferative marker (Ki67) at 2 weeks and 4 weeks after the start of 
dietary cuprizone. b Representative images of microglia (tdTomato-posi-
tive cells) that contain the major myelin protein, myelin basic protein 
(MBP). The MBP aggregates inside of microglia was consistent with 
microglial phagocytosis of myelin debris. Scale bar, (a) 40 μm, (b) 20 μm. 
Supp. Fig. 3. Single-cell RNA sequencing quality control data. For quality 
control the proportion of mitochondrial genes and the number of genes 
were plotted against total number of molecules present in each cell 
(nCount) in thousands, for each library of control and 5 week cuprizone 
experiments. Supp. Fig. 4. Single-cell RNA sequencing approaches and 
validation. (a) A Clustree plot was used to determine optimal resolution. 
As resolution increases, moving down the clustering tree plot from 0 to 
1.0, there is an increase in the number of clusters. With more clusters, 
there are fewer cells in each cluster (represented by circle size). As clusters 
split, arrows show the movement of cells from one cluster into multiple 
new clusters; the proportion of cells is indicated by arrow opacity. We 
chose resolution (0.5), where the mixing of cells is minimal. (b) Unsuper-
vised graph-based clustering of individual libraries used in the larger 
dataset projected onto a UMAP. Control cells from two independent 
experiments, Library 1 (blue) and Library 2 (green), were primarily 
interspersed in the same regions. Likewise, cuprizone cells from Library 1 
(orange) were largely interspersed with cuprizone cells from Library 2 
(red), suggesting minimal batch effects. (c) Immediate early genes (Jun 
and Fos) and stress-induced genes (Zfp36 and Dusp1) were not stimulated 
or concentrated in microglial clusters. Legend represents umi score with 
yellow representing a higher score. Supp. Fig. 5. Single-cell RNA 
sequencing annotation and homeostatic gene expression shift. (a) 
Unsupervised graph-based clustering and machine learning-based 
reclustering of dataset projected onto a UMAP. Cells were annotated 
guided by markers for (b) microglia, (c) Ependymal cells, and (d) 
border-associated macrophages (BAM). (e) Homeostatic microglia (control 
cell) subpopulations were located at the bottom of the microglial UMAP. 
We identified gene expression of complement protein genes (C1qa, C1qb, 
C1qc) and cell motility (Actb and Fcer1g) that were enriched within some 
homeostatic microglia subpopulations (microglia, bottom left) but not 
others (microglia, bottom right). Density represents the kernel density 
estimation, which resolves gene expression sparsity and rescues drop-out 
genes based on neighbouring clusters. Supp. Fig. 6. Dectin1/Clec7a was 
enriched within microglia within two weeks after initiating the cuprizone 
diet. Quantification and representative immunohistochemical images 
demonstrating microglia (tdTomato) express Dectin1 at two and four 
weeks after initiating the cuprizone diet. n = 3 for control and n = 6 for 2 
and 4 weeks post. One-way ANOVA with Tukey’s multiple comparison test. 
Error bar ± SEM. Scale bar, 50 μm. Supp. Fig. 7. Cuprizone-associated 
microglia gene transcriptional enrichment in glycolysis and reactive 
oxygen species (ROS) production. (a) Microglia and BAM clusters 
projected onto a UMAP show enrichment of genes related to glycolysis 
(Pkm2, Ldha) and glucose transport (Glut6, or Slc2a6). Density represents 
the kernel density estimation, which resolves gene expression sparsity and 
rescues drop-out genes based on neighbouring clusters. (b) ROS 
producers and scavengers plotted on a heat map with normalized gene 
expression derived from cluster identity. (c) Fold change with ROS 
producing and scavenging enzymes. Fold change was calculated with 
averaged gene expression for [(CAM3-WAM1)/(CAM3 + WAM1)]. (d) 
Quantification and representative immunohistochemical images 
demonstrating lipid peroxidation (Malonaldehyde, or MDA, white) located 
within regions associated with microglia (IBA1, red) accumulation at four 
weeks after initiating cuprizone diet. n = 5–7 with One-way ANOVA with 
Dunnett’s multiple comparison test. Error bar ± SEM. Scale bar, (d) 100 μm. 
Supp. Fig. 8. Potential astrocyte factors that regulate the cuprizone 
associated microglial (CAM) state. We used NicheNet to compare (a) 
homeostatic astrocytes and (b) astrocytes from LPS-treated mice from 
Hasel and colleagues’ datasets [37] with CAM. NicheNet compared known 
secreted factors from these astrocyte datasets with CAM expressed 
receptors, but also examined the downstream genes regulated by these 
receptor systems. NicheNet calculates a regulatory potential for CAM 
genes based on known receptor-ligand interactions and identified 
transcriptomic expression levels. Naive astrocyte ligands such as Apoe and 
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Fgf1, and LPS-stimulated astrocyte ligands like Bmp7, Fgf1, Apoe, and 
Csf1were identified as potential regulators of the CAM state. Supp. Fig. 9. 
Through trajectory analysis, cuprizone-associated microglia (CAM) 
subpopulations are linked to white matter-associated microglia (WAM) 
subpopulations. Cell Rank was used to identify the (a) initial and (b) 
terminal predicted states. (c) ScVelo was used to determine the cell path 
and trajectory of cells proceeding from one subpopulation to another. (d) 
Latent time describes the probability of being at an initial state (0, purple) 
or terminal state (1, yellow). (e) A gene expression heat map shows those 
genes that increase as cells transition from different states across latent 
time. Legend represents gene expression, with yellow representing a 
higher value and blue depicting a lower value. (f) CellRank was used to 
identify potential driver genes or genes involved in a fate choice between 
different states. We interrogated potential driver genes involved in the 
transition between CAM3 and other microglial states to identify the genes 
Apoe and Apoc1. These genes were plotted such that each dot repre-
sented a cell whose color provides cluster identity. The cell is plotted 
based on the extent of unspliced vs. spliced mRNA to depict RNA velocity. 
Supp. Fig. 10 Acridine orange (AO) based cell death morphologies 
compared to membrane lysis protein Ninjurin-1 (NINJ1) and apoptosis 
protein product cleaved caspase-3 (CC3). (a) Representative images of cell 
death based on AO morphologies that were lytic, early apoptotic, and late 
apoptotic and their accompanying expression of NINJ1, a marker of 
plasma membrane rupture. We found prominent expression of NINJ1 in 
lytic cells, but limited expression within cells with apoptotic morpholo-
gies. (b) Representative images of lytic, early apoptotic, and late apoptotic 
cell populations and the corresponding expression of cleaved caspase-3 
(CC3), an apoptosis marker. Cells with apoptotic morphologies often 
expressed CC3, but cells with lytic morphologies expressed little to no CC3 
expression. Scale bars, (a, b) 10 μm. Supp. Fig. 11. Microglial ablation two 
weeks after mice are placed on dietary cuprizone does not alter 
demyelination. (a, b) Representative immunohistochemical images and 
quantification demonstrating that microglia become ablated in mice 
expressing inducible DTR mice  (CX3CR1CreER;  Rosa26iDTR) treated with 
diphtheria toxin (DT), but not in control  CX3CR1CreER mice treated with 
saline (Control + Saline),  CX3CR1CreER mice treated with DT (Control + DT), 
or  CX3CR1CreER;  Rosa26iDTR mice treated with saline  (DTR+ve + saline). (a) 
The top image was taken with lower primary magnification (10x) 
compared to the lower image (40x). (c, d) Quantification and representa-
tive immunohistochemical images showing microglia ablation did not 
change oligodendrocyte lineage cell density (Olig2, white). (e, f) 
Representative widefield image of euriochrome cyanine and neutral 
red-stained sections with quantification showing no difference in 
demyelination between control  CX3CR1CreER with DT (control + DT) mice 
and  CX3CR1CreER;  Rosa26iDTR mice treated with DT  (DTR+ve + DT). (B,D,F) 
n = 4–7. (b, d) One-way ANOVA, (f) Unpaired T-Test. Scale bar, (a-Top, e) 
100 μm, (a-bottom) 50 μm, (c) 20 μm. Supp. Fig. 12. Microglia phagocyto-
sis of myelin and nuclei in a serum-free culture system. (a) There was 
limited phagocytosis of pHrodo labelled myelin by 72 hr. in serum-free 
microglial cultures. Representative images (b) and quantification (c) 
comparing pHrodo labelled myelin with the major myelin protein, myelin 
basic protein (MBP), following immunocytochemistry (ICC) demonstrates 
that serum increases myelin phagocytosis. (d) Based on pHrodo 
fluorescence, microglia phagocytosis was inhibited with cytochalasin D 
(CytoD). Representative immunocytchemical image (e) and quantification 
(f) demonstrating myelin debris exposure increases the proportion 
Dectin1 expressing microglia, in purified, serum-free and serum-contain-
ing (FBS) cultures. (g) Microglia phagocytose pHrodo labelled nuclei when 
they are treated with FBS, but not under serum-free conditions or with the 
phagocytosis inhibitor CytoD. Neither the exposure to nuclei under 
serum-free (h) or FBS (i) conditions promoted more expression of the 
cuprizone-associated microglia marker Dectin1/Clec7a. (h) n = 3 wells in 2 
independent experiments or one (a, c, f, i) independent experiment. Error 
bar ± SEM. Scale bar, (b, e) 50 μm.

Additional file 2. Comparison of cuprizone, Frigerio, and Simmons 
data sets across common gene sets. 

Additional file 3. Transcriptomic information of ROS producers 
and scavengers comparing different microglial states in cuprizone 
dataset. 

Acknowledgements
We would like to thank the high content analysis core at the University of 
Alberta for their processing of single cell RNA sequencing with the Chro-
mium 10 controller and library preparation. We would also like to thank the 
University of Alberta Faculty of Medicine & Dentistry flow cytometry core and 
cell imaging center. We would like to thank the SMART network imaging core. 
Schematics constructed in BioRender.

Authors’ contributions
JRP initiated the project, BPH, MZ, AS, CSB, MFSH, SPP, KVL, SW, performed 
immunohistochemistry, staining, cell culture, animal husbandry, cuprizone 
treatment, tissue sectioning, and tissue quantification. SZ and MKB conducted 
flow cytometry and single cell RNA sequencing analyses. CP aided in cell 
death experiments. AVC aided in animal experiments. TS aided in identifying 
ROS enzymes. JRP, SZ, BPH, BJK, and MZ co-wrote and reviewed the manu-
script. MKB, AVC, TS, and CP reviewed the manuscript. BJK and JRP supervised 
the project. All authors read and approved the final manuscript.

Funding
This study was supported by operating grants from Canadian Institutes for Health 
Research (CIHR), University of Alberta start-up funds for JRP, and NSERC. This pro-
ject has been made possible by Brain Canada Foundation through the Canada 
Brain Research fund, with financial support of Health Canada and the Azrieli 
Foundation. SZ and BPH were funded by NSERC studentship scholarships from 
the University of Alberta. AS and MKB were funded by an AI summer studentship. 
CSB was funded by an MS Society of Canada studentship and scholarships from 
the University of Alberta. SW and MZ were funded by the University of Alberta 
Research Experience program. JRP is also supported by funds from the University 
of Alberta and a Canada Research Chair (tier 2) in Glial Neuroimmunology.

Availability of data and materials
Data is available through the gene expression omnibus (GSE207750).

Declarations

Consent for publications
The authors consent to publishing this work. No Patient data is included in this work.

Ethics approval and consent to participate
All our work was reviewed and approved by animal use subcommittees at the 
University of Calgary and the University of Alberta.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Neuroscience and Mental Health Institute, University of Alberta, Edmonton, 
Canada. 2 Department of Clinical Neurosciences, Hotchkiss Brain Institute, 
University of Calgary, Cumming School of Medicine, Calgary, Canada. 3 Depart-
ment of Medicine, Division of Neurology, University of Alberta, Edmonton, 
Canada. 4 Department of Medical Microbiology and Immunology, University 
of Alberta, Edmonton, Canada. 5 Department of Cell Biology, University 
of Alberta, Edmonton, Canada. 6 Department of Anesthesiology & Pain Medi-
cine, University of Alberta, Edmonton, Canada. 

Received: 5 July 2022   Accepted: 21 November 2022

References
 1. Thompson AJ, Baranzini SE, Geurts J, Hemmer B, Ciccarelli O. Multiple 

sclerosis. Lancet. 2018;391(10130):1622–36.
 2. Ramaglia V, Rojas O, Naouar I, Gommerman JL. The ins and outs of 

central nervous system inflammation-lessons learned from multiple 
sclerosis. Annu Rev Immunol. 2021;39:199–226.

 3. Kuhlmann T, Ludwin S, Prat A, Antel J, Brück W, Lassmann H. An 
updated histological classification system for multiple sclerosis lesions. 
Acta Neuropathol. 2017;133(1):13–24.



Page 22 of 24Zia et al. Molecular Neurodegeneration           (2022) 17:82 

 4. Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann 
H. Heterogeneity of multiple sclerosis lesions: implications for the 
pathogenesis of demyelination. Ann Neurol. 2000;47(6):707–17.

 5. Metz I, Weigand SD, Popescu BF, Frischer JM, Parisi JE, Guo Y, et al. 
Pathologic heterogeneity persists in early active multiple sclerosis 
lesions. Ann Neurol. 2014;75(5):728–38.

 6. Masuda T, Amann L, Monaco G, Sankowski R, Staszewski O, Krueger M, 
et al. Specification of CNS macrophage subsets occurs postnatally in 
defined niches. Nature. 2022;604(7907):740–8.

 7. Kierdorf K, Masuda T, Jordao MJC, Prinz M. Macrophages at CNS inter-
faces: ontogeny and function in health and disease. Nat Rev Neurosci. 
2019;20(9):547–62.

 8. Kamma E, Lasisi W, Libner C, Ng HS, Plemel JR. Central nervous system 
macrophages in progressive multiple sclerosis: relationship to neurode-
generation and therapeutics. J Neuroinflammation. 2022;19(1):45.

 9. Guglielmetti C, Veraart J, Roelant E, Mai Z, Daans J, Van Audekerke J, 
et al. Diffusion kurtosis imaging probes cortical alterations and white 
matter pathology following cuprizone induced demyelination and 
spontaneous remyelination. Neuroimage. 2016;125:363–77.

 10. Hiremath MM, Chen VS, Suzuki K, Ting JP, Matsushima GK. MHC class II 
exacerbates demyelination in vivo independently of T cells. J Neuroim-
munol. 2008;203(1):23–32.

 11. Marzan DE, Brugger-Verdon V, West BL, Liddelow S, Samanta J, Salzer 
JL. Activated microglia drive demyelination via CSF1R signaling. Glia. 
2021;69(6):1583–604.

 12. Lampron A, Larochelle A, Laflamme N, Prefontaine P, Plante MM, 
Sanchez MG, et al. Inefficient clearance of myelin debris by microglia 
impairs remyelinating processes. J Exp Med. 2015;212(4):481–95.

 13. Irvine KA, Blakemore WF. Remyelination protects axons from demyelina-
tion-associated axon degeneration. Brain. 2008;131(6):1464–77.

 14. Stys PK, Zamponi GW, van Minnen J, Geurts JJ. Will the real multiple 
sclerosis please stand up? Nat Rev Neurosci. 2012;13(7):507–14.

 15. Hesse A, Wagner M, Held J, Bruck W, Salinas-Riester G, Hao Z, et al. In 
toxic demyelination oligodendroglial cell death occurs early and is FAS 
independent. Neurobiol Dis. 2010;37(2):362–9.

 16. Goldberg J, Daniel M, van Heuvel Y, Victor M, Beyer C, Clarner T, et al. 
Short-term cuprizone feeding induces selective amino acid depriva-
tion with concomitant activation of an integrated stress response in 
oligodendrocytes. Cell Mol Neurobiol. 2013;33(8):1087–98.

 17. Ofengeim D, Ito Y, Najafov A, Zhang Y, Shan B, DeWitt JP, et al. Activation 
of necroptosis in multiple sclerosis. Cell Rep. 2015;10(11):1836–49.

 18. Jhelum P, Santos-Nogueira E, Teo W, Haumont A, Lenoel I, Stys PK, et al. 
Ferroptosis mediates Cuprizone-induced loss of oligodendrocytes and 
demyelination. J Neurosci. 2020;40(48):9327–41.

 19. Jha S, Srivastava SY, Brickey WJ, Iocca H, Toews A, Morrison JP, et al. The inflam-
masome sensor, NLRP3, regulates CNS inflammation and demyelination via 
caspase-1 and interleukin-18. J Neurosci. 2010;30(47):15811–20.

 20. Freeman L, Guo H, David CN, Brickey WJ, Jha S, Ting JP. NLR members 
NLRC4 and NLRP3 mediate sterile inflammasome activation in micro-
glia and astrocytes. J Exp Med. 2017;214(5):1351–70.

 21. Saito LB, Fernandes JP, Smith MJ, Doan MAL, Branton WG, Schmitt 
LM, et al. Intranasal anti-caspase-1 therapy preserves myelin and 
glucose metabolism in a model of progressive multiple sclerosis. Glia. 
2021;69(1):216–29.

 22. Zirngibl M, Assinck P, Sizov A, Caprariello AV, Plemel JR. Oligodendrocyte 
death and myelin loss in the cuprizone model: an updated overview 
of the intrinsic and extrinsic causes of cuprizone demyelination. Mol 
Neurodegener. 2022;17(1):34.

 23. Rawji KS, Kappen J, Tang W, Teo W, Plemel JR, Stys PK, et al. Deficient 
surveillance and phagocytic activity of myeloid cells within demy-
elinated lesions in aging mice visualized by ex vivo live multiphoton 
imaging. J Neurosci. 2018;38(8):1973–88.

 24. Kirby L, Jin J, Cardona JG, Smith MD, Martin KA, Wang J, et al. Oligoden-
drocyte precursor cells present antigen and are cytotoxic targets in 
inflammatory demyelination. Nat Commun. 2019;10(1):3887.

 25. Falcao AM, van Bruggen D, Marques S, Meijer M, Jakel S, Agirre E, et al. 
Disease-specific oligodendrocyte lineage cells arise in multiple sclero-
sis. Nat Med. 2018;24(12):1837–44.

 26. Chung WS, Clarke LE, Wang GX, Stafford BK, Sher A, Chakraborty C, et al. 
Astrocytes mediate synapse elimination through MEGF10 and MERTK 
pathways. Nature. 2013;504(7480):394–400.

 27. Damisah EC, Hill RA, Rai A, Chen F, Rothlin CV, Ghosh S, et al. Astrocytes 
and microglia play orchestrated roles and respect phagocytic territories 
during neuronal corpse removal in vivo. Sci Adv. 2020;6(26):eaba3239.

 28. Konishi H, Okamoto T, Hara Y, Komine O, Tamada H, Maeda M, et al. 
Astrocytic phagocytosis is a compensatory mechanism for microglial 
dysfunction. EMBO J. 2020;39(22):e104464.

 29. Caprariello AV, Rogers JA, Morgan ML, Hoghooghi V, Plemel JR, Koebel 
A, et al. Biochemically altered myelin triggers autoimmune demyelina-
tion. Proc Natl Acad Sci U S A. 2018;115(21):5528–33.

 30. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al. 
Comprehensive integration of single-cell data. Cell. 2019;177(7):1888–
1902.e1821.

 31. Hao Y, Hao S, Andersen-Nissen E, Mauck WM, Zheng S, Butler 
A, et al. Integrated analysis of multimodal single-cell data. Cell. 
2021;184(13):3573–3587.e3529.

 32. Hafemeister C, Satija R. Normalization and variance stabilization of 
single-cell RNA-seq data using regularized negative binomial regres-
sion. Genome Biol. 2019;20(1):296.

 33. Zappia L, Oshlack A. Clustering trees: a visualization for evaluating 
clusterings at multiple resolutions. Gigascience. 2018;7(7):giy083.

 34. Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expres-
sion data analysis. Genome Biol. 2018;19(1):15.

 35. Miao Z, Moreno P, Huang N, Papatheodorou I, Brazma A, Teichmann SA. 
Putative cell type discovery from single-cell gene expression data. Nat 
Methods. 2020;17(6):621–8.

 36. Browaeys R, Saelens W, Saeys Y. NicheNet: modeling intercellular 
communication by linking ligands to target genes. Nat Methods. 
2020;17(2):159–62.

 37. Hasel P, Rose IVL, Sadick JS, Kim RD, Liddelow SA. Neuroinflam-
matory astrocyte subtypes in the mouse brain. Nat Neurosci. 
2021;24(10):1475–87.

 38. Bergen V, Lange M, Peidli S, Wolf FA, Theis FJ. Generalizing RNA velocity 
to transient cell states through dynamical modeling. Nat Biotechnol. 
2020;38(12):1408–14.

 39. Lange M, Bergen V, Klein M, Setty M, Reuter B, Bakhti M, et al. CellRank 
for directed single-cell fate mapping. Nat Methods. 2022;19(2):159–70.

 40. Alquicira-Hernandez J, Powell JE. Nebulosa recovers single-cell gene 
expression signals by kernel density estimation. Bioinformatics. 
2021;37(16):2485–7.

 41. Emery B, Dugas JC. Purification of oligodendrocyte lineage cells 
from mouse cortices by immunopanning. Cold Spring Harb Protoc. 
2013;2013(9):854–68.

 42. Ranscht B, Clapshaw PA, Price J, Noble M, Seifert W. Development 
of oligodendrocytes and Schwann cells studied with a monoclo-
nal antibody against galactocerebroside. Proc Natl Acad Sci U S A. 
1982;79(8):2709–13.

 43. Sommer I, Schachner M. Monoclonal antibodies (O1 to O4) to oligo-
dendrocyte cell surfaces: an immunocytological study in the central 
nervous system. Dev Biol. 1981;83(2):311–27.

 44. Sommer I, Schachner M. Cell that are O4 antigen-positive and O1 
antigen-negative differentiate into O1 antigen-positive oligodendro-
cytes. Neurosci Lett. 1982;29(2):183–8.

 45. Bohlen CJ, Bennett FC, Tucker AF, Collins HY, Mulinyawe SB, Barres BA. 
Diverse requirements for microglial survival, specification, and function 
revealed by defined-medium cultures. Neuron. 2017;94(4):759–773 e758.

 46. Berghoff SA, Gerndt N, Winchenbach J, Stumpf SK, Hosang L, Odoardi F, 
et al. Dietary cholesterol promotes repair of demyelinated lesions in the 
adult brain. Nat Commun. 2017;8:14241.

 47. Goldmann T, Wieghofer P, Muller PF, Wolf Y, Varol D, Yona S, et al. A new 
type of microglia gene targeting shows TAK1 to be pivotal in CNS 
autoimmune inflammation. Nat Neurosci. 2013;16(11):1618–26.

 48. Parkhurst CN, Yang G, Ninan I, Savas JN, Yates JR 3rd, Lafaille JJ, et al. 
Microglia promote learning-dependent synapse formation through 
brain-derived neurotrophic factor. Cell. 2013;155(7):1596–609.

 49. Goldmann T, Wieghofer P, Jordao MJ, Prutek F, Hagemeyer N, Frenzel 
K, et al. Origin, fate and dynamics of macrophages at central nervous 
system interfaces. Nat Immunol. 2016;17(7):797–805.

 50. Plemel JR, Stratton JA, Michaels NJ, Rawji KS, Zhang E, Sinha S, 
et al. Microglia response following acute demyelination is het-
erogeneous and limits infiltrating macrophage dispersion. Sci Adv. 
2020;6(3):eaay6324.



Page 23 of 24Zia et al. Molecular Neurodegeneration           (2022) 17:82  

 51. Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et al. 
High-dimensional single-cell mapping of central nervous system 
immune cells reveals distinct myeloid subsets in health, aging, and 
disease. Immunity. 2018;48(2):380–395 e386.

 52. Cantoni C, Bollman B, Licastro D, Xie M, Mikesell R, Schmidt R, et al. 
TREM2 regulates microglial cell activation in response to demyelination 
in vivo. Acta Neuropathol. 2015;129(3):429–47.

 53. Kaiser T, Feng G. Tmem119-EGFP and Tmem119-CreERT2 transgenic 
mice for labeling and manipulating microglia. eNeuro. 2019;6(4):ENE
URO.0448-18.2019.

 54. Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A, 
et al. Single-cell RNA sequencing of microglia throughout the mouse 
lifespan and in the injured brain reveals complex cell-state changes. 
Immunity. 2019;50(1):253–271 e256.

 55. Safaiyan S, Besson-Girard S, Kaya T, Cantuti-Castelvetri L, Liu L, Ji 
H, et al. White matter aging drives microglial diversity. Neuron. 
2021;109(7):1100–1117.e1110.

 56. Sala Frigerio C, Wolfs L, Fattorelli N, Thrupp N, Voytyuk I, Schmidt 
I, et al. The Major risk factors for Alzheimer’s disease: age, sex, and 
genes modulate the microglia response to Abeta plaques. Cell Rep. 
2019;27(4):1293–1306 e1296.

 57. Zia S, Rawji KS, Michaels NJ, Burr M, Kerr BJ, Healy LM, et al. Micro-
glia diversity in health and multiple sclerosis. Front Immunol. 
2020;11:588021.

 58. Masuda T, Sankowski R, Staszewski O, Bottcher C, Amann L, Sagar SC, 
et al. Spatial and temporal heterogeneity of mouse and human micro-
glia at single-cell resolution. Nature. 2019;566(7744):388–92.

 59. Mathys H, Adaikkan C, Gao F, Young JZ, Manet E, Hemberg M, et al. 
Temporal tracking of microglia activation in neurodegeneration at 
single-cell resolution. Cell Rep. 2017;21(2):366–80.

 60. Van Hove H, Martens L, Scheyltjens I, De Vlaminck K, Pombo Antunes 
AR, De Prijck S, et al. A single-cell atlas of mouse brain macrophages 
reveals unique transcriptional identities shaped by ontogeny and tissue 
environment. Nat Neurosci. 2019;22(6):1021–35.

 61. Stuart T, Satija R. Integrative single-cell analysis. Nat Rev Genet. 
2019;20(5):257–72.

 62. Marsh SE, Walker AJ, Kamath T, Dissing-Olesen L, Hammond TR, de 
Soysa TY, et al. Dissection of artifactual and confounding glial signatures 
by single-cell sequencing of mouse and human brain. Nat Neurosci. 
2022;25(3):306–16.

 63. Shah PT, Stratton JA, Stykel MG, Abbasi S, Sharma S, Mayr KA, et al. Sin-
gle-cell transcriptomics and fate mapping of ependymal cells reveals 
an absence of neural stem cell function. Cell. 2018;173(4):1045–1057 
e1049.

 64. Milich LM, Choi JS, Ryan C, Cerqueira SR, Benavides S, Yahn SL, et al. 
Single-cell analysis of the cellular heterogeneity and interactions in the 
injured mouse spinal cord. J Exp Med. 2021;218(8):e20210040.

 65. Jordao MJC, Sankowski R, Brendecke SM, Sagar LG, Tai YH, Tay TL, et al. 
Single-cell profiling identifies myeloid cell subsets with distinct fates 
during neuroinflammation. Science. 2019;363(6425):eaat7554.

 66. Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, 
et al. The TREM2-APOE pathway drives the transcriptional phenotype 
of dysfunctional microglia in neurodegenerative diseases. Immunity. 
2017;47(3):566–581 e569.

 67. Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-Sztern-
feld R, Ulland TK, et al. A unique microglia type associated with restrict-
ing development of Alzheimer’s disease. Cell. 2017;169(7):1276–1290 
e1217.

 68. Myers KV, Amend SR, Pienta KJ. Targeting Tyro3, Axl and MerTK (TAM 
receptors): implications for macrophages in the tumor microenviron-
ment. Mol Cancer. 2019;18(1):94.

 69. McMahon EJ, Cook DN, Suzuki K, Matsushima GK. Absence of 
macrophage-inflammatory protein-1alpha delays central nervous 
system demyelination in the presence of an intact blood-brain barrier. J 
Immunol. 2001;167(5):2964–71.

 70. Cheli VT, Correale J, Paez PM, Pasquini JM. Iron metabolism in oligoden-
drocytes and astrocytes, implications for myelination and Remyelina-
tion. ASN Neuro. 2020;12:1759091420962681.

 71. Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, 
Hulselmans G, et al. SCENIC: single-cell regulatory network inference 
and clustering. Nat Methods. 2017;14(11):1083–6.

 72. Hantisteanu S, Dicken Y, Negreanu V, Goldenberg D, Brenner O, 
Leshkowitz D, et al. Runx3 prevents spontaneous colitis by directing 
the differentiation of anti-inflammatory mononuclear phagocytes. Plos 
one. 2020;15(5):e0233044.

 73. Rehli M, Sulzbacher S, Pape S, Ravasi T, Wells CA, Heinz S, et al. Transcrip-
tion factor Tfec contributes to the IL-4-inducible expression of a small 
group of genes in mouse macrophages including the granulocyte 
colony-stimulating factor receptor. J Immunol. 2005;174(11):7111–22.

 74. Rehli M, Lichanska A, Cassady AI, Ostrowski MC, Hume DA. TFEC is a 
macrophage-restricted member of the microphthalmia-TFE subfamily 
of basic helix-loop-helix leucine zipper transcription factors. J Immunol. 
1999;162(3):1559–65.

 75. Ku HC, Cheng CF. Master regulator activating transcription factor 
3 (ATF3) in metabolic homeostasis and Cancer. Front Endocrinol. 
2020;11:556.

 76. Bhattacherjee A, Jung J, Zia S, Ho M, Eskandari-Sedighi G, St Laurent 
CD, et al. The CD33 short isoform is a gain-of-function variant that 
enhances Abeta1-42 phagocytosis in microglia. Mol Neurodegener. 
2021;16(1):19.

 77. Semenza GL. Surviving ischemia: adaptive responses mediated by 
hypoxia-inducible factor 1. J Clin Invest. 2000;106(7):809–12.

 78. Wergeland S, Torkildsen O, Myhr KM, Mork SJ, Bo L. The cupri-
zone model: regional heterogeneity of pathology. APMIS. 
2012;120(8):648–57.

 79. Hashem M, Shafqat Q, Wu Y, Rho JM, Dunn JF. Abnormal oxidative 
metabolism in the cuprizone mouse model of demyelination: an in vivo 
NIRS-MRI study. Neuroimage. 2022;250:118935.

 80. Kuschel A, Simon P, Tug S. Functional regulation of HIF-1α under 
normoxia--is there more than post-translational regulation? J Cell 
Physiol. 2012;227(2):514–24.

 81. Denko NC. Hypoxia, HIF1 and glucose metabolism in the solid tumour. 
Nat Rev Cancer. 2008;8(9):705–13.

 82. Maedera S, Mizuno T, Ishiguro H, Ito T, Soga T, Kusuhara H. GLUT6 
is a lysosomal transporter that is regulated by inflammatory 
stimuli and modulates glycolysis in macrophages. FEBS Lett. 
2019;593(2):195–208.

 83. He D, Xu H, Zhang H, Tang R, Lan Y, Xing R, et al. Disruption of the 
IL-33-ST2-AKT signaling axis impairs neurodevelopment by inhibiting 
microglial metabolic adaptation and phagocytic function. Immunity. 
2022;55(1):159–173 e159.

 84. Liddelow SA, Marsh SE, Stevens B. Microglia and astrocytes in disease: 
dynamic duo or Partners in Crime? Trends Immunol. 2020;41(9):820–35.

 85. Qin L, Liu Y, Hong JS, Crews FT. NADPH oxidase and aging drive micro-
glial activation, oxidative stress, and dopaminergic neurodegeneration 
following systemic LPS administration. Glia. 2013;61(6):855–68.

 86. Li Q, Cheng Z, Zhou L, Darmanis S, Neff NF, Okamoto J, et al. Develop-
mental heterogeneity of microglia and brain myeloid cells revealed by 
deep single-cell RNA sequencing. Neuron. 2019;101(2):207–223 e210.

 87. Zhong S, Zhang S, Fan X, Wu Q, Yan L, Dong J, et al. A single-cell RNA-
seq survey of the developmental landscape of the human prefrontal 
cortex. Nature. 2018;555(7697):524–8.

 88. Kracht L, Borggrewe M, Eskandar S, Brouwer N. Chuva de Sousa lopes 
SM, Laman JD, Scherjon SA, Prins JR, Kooistra SM, Eggen BJL: human 
fetal microglia acquire homeostatic immune-sensing properties early in 
development. Science. 2020;369(6503):530–7.

 89. Srinivasan K, Friedman BA, Etxeberria A, Huntley MA, van der Brug MP, 
Foreman O, et al. Alzheimer’s patient microglia exhibit enhanced aging 
and unique transcriptional activation. Cell Rep. 2020;31(13):107843.

 90. Sankowski R, Böttcher C, Masuda T, Geirsdottir L, Sagar SE, Sere-
denina T, et al. Mapping microglia states in the human brain through 
the integration of high-dimensional techniques. Nat Neurosci. 
2019;22(12):2098–110.

 91. Clark IC, Gutierrez-Vazquez C, Wheeler MA, Li Z, Rothhammer V, Linner-
bauer M, et al. Barcoded viral tracing of single-cell interactions in cen-
tral nervous system inflammation. Science. 2021;372(6540):eabf1230.

 92. Absinta M, Maric D, Gharagozloo M, Garton T, Smith MD, Jin J, et al. A 
lymphocyte–microglia–astrocyte axis in chronic active multiple sclero-
sis. Nature. 2021;597(7878):709–14.

 93. Tay TL. Sagar, Dautzenberg J, Grun D, Prinz M: unique microglia recovery 
population revealed by single-cell RNAseq following neurodegenera-
tion. Acta Neuropathol Commun. 2018;6(1):87.



Page 24 of 24Zia et al. Molecular Neurodegeneration           (2022) 17:82 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 94. Spangenberg E, Severson PL, Hohsfield LA, Crapser J, Zhang JZ, Burton 
EA, et al. Sustained microglial depletion with CSF1R inhibitor impairs 
parenchymal plaque development in an Alzheimer’s disease model. 
Nature. Communications. 2019;10(1):3758.

 95. Prakash P, Jethava KP, Korte N, Izquierdo P, Favuzzi E, Rose IVL, et al. 
Monitoring phagocytic uptake of amyloid beta into glial cell lysosomes 
in real time. Chem Sci. 2021;12(32):10901–18.

 96. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, 
et al. Molecular mechanisms of cell death: recommendations of 
the nomenclature committee on cell death 2018. Cell Death Differ. 
2018;25(3):486–541.

 97. Plemel JR, Caprariello AV, Keough MB, Henry TJ, Tsutsui S, Chu TH, et al. 
Unique spectral signatures of the nucleic acid dye acridine orange 
can distinguish cell death by apoptosis and necroptosis. J Cell Biol. 
2017;216(4):1163–81.

 98. Kayagaki N, Kornfeld OS, Lee BL, Stowe IB, O’Rourke K, Li Q, et al. NINJ1 
mediates plasma membrane rupture during lytic cell death. Nature. 
2021;591(7848):131–6.

 99. Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of inflamma-
tion. Science. 2021;374(6571):1076–80.

 100. Plemel JR, Michaels NJ, Weishaupt N, Caprariello AV, Keough MB, Rogers 
JA, et al. Mechanisms of lysophosphatidylcholine-induced demyelina-
tion: a primary lipid disrupting myelinopathy. Glia. 2018;66(2):327–47.

 101. Berghoff SA, Duking T, Spieth L, Winchenbach J, Stumpf SK, Gerndt N, 
et al. Blood-brain barrier hyperpermeability precedes demyelination in 
the cuprizone model. Acta Neuropathol Commun. 2017;5(1):94.

 102. Shelestak J, Singhal N, Frankle L, Tomor R, Sternbach S, McDonough J, 
et al. Increased blood-brain barrier hyperpermeability coincides with 
mast cell activation early under cuprizone administration. PLoS One. 
2020;15(6):e0234001.

 103. Kocur M, Schneider R, Pulm AK, Bauer J, Kropp S, Gliem M, et al. IFNβ 
secreted by microglia mediates clearance of myelin debris in CNS 
autoimmunity. Acta Neuropathol Commun. 2015;3:20.

 104. Chan A, Seguin R, Magnus T, Papadimitriou C, Toyka KV, Antel JP, et al. 
Phagocytosis of apoptotic inflammatory cells by microglia and its 
therapeutic implications: termination of CNS autoimmune inflamma-
tion and modulation by interferon-beta. Glia. 2003;43(3):231–42.

 105. Trebst C, Heine S, Lienenklaus S, Lindner M, Baumgartner W, Weiss S, 
et al. Lack of interferon-beta leads to accelerated remyelination in a 
toxic model of central nervous system demyelination. Acta Neuro-
pathol. 2007;114(6):587–96.

 106. Dolan M-J, Therrien M, Jereb S, Kamath T, Atkeson T, Marsh SE, et al. 
A resource for generating and manipulating human microglial states 
in vitro. bioRxiv. 2005;2022(2022):2002.490100.

 107. Ferrer I, Olive M, Blanco R, Ballabriga J, Cinos C, Planas AM. Amoeboid 
microglial response following X-ray-induced apoptosis in the neonatal 
rat brain. Neurosci Lett. 1995;193(2):109–12.

 108. Hochreiter-Hufford A, Ravichandran KS. Clearing the dead: apoptotic 
cell sensing, recognition, engulfment, and digestion. Cold Spring Harb 
Perspect Biol. 2013;5(1):a008748.

 109. Balasubramanian K, Schroit AJ. Aminophospholipid asymmetry: a mat-
ter of life and death. Annu Rev Physiol. 2003;65:701–34.

 110. Suzuki J, Denning DP, Imanishi E, Horvitz HR, Nagata S. Xk-related pro-
tein 8 and CED-8 promote phosphatidylserine exposure in apoptotic 
cells. Science. 2013;341(6144):403–6.

 111. Atkin-Smith GK. Phagocytic clearance of apoptotic, necrotic, necrop-
totic and pyroptotic cells. Biochem Soc Trans. 2021;49(2):793–804.

 112. Ajami B, Bennett J, Krieger C, Tetzlaff W, Rossi F. Local self-renewal can 
sustain CNS microglia maintenance and function throughout adult life. 
Nat Neurosci. 2007;10(12):1538–43.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Single-cell microglial transcriptomics during demyelination defines a microglial state required for lytic carcass clearance
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal information
	Animal treatments
	Cuprizone
	Tamoxifen
	Diphtheria toxin

	Tissue processing
	Immunohistochemistry
	Tissue staining
	Single cell RNA sequencing
	Fluorescence activated cell sorting
	Sequencing preparation
	Quality control and clustering
	Gene set comparisons
	Gene regulatory network analysis
	Receptor-ligand interactions
	RNA velocity
	Functional gene ontology terms

	Cell culture
	Oligodendrocyte culture and lysis 
	Microglia culture, live imaging and immunocytochemistry

	Statistics

	Results
	Microglia predominate within the corpus callosum during cuprizone demyelination
	Distinct microglial state present during cuprizone-induced demyelination
	Microglia consume lytic carcasses
	Microglia exposure to dead oligodendrocyte components partially recapitulates CAM state

	Discussion
	Conclusions
	Acknowledgements
	References


