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FTD is the second most prevalent cause of early-onset demen-
tia, characterized by progressive behavioural and/or language 
impairment1. Neuropathologically, FTD can be divided into 

frontotemporal lobar degeneration with tau protein inclusions 
(FTLD-Tau) or with transactive response DNA-binding protein 
43-kDa (TDP-43) inclusions (FTLD-TDP)2. FTD has a genetic 
etiology in approximately 30% of the cases3. Heterozygous muta-
tions of the progranulin gene (GRN), causing haploinsufficiency, 
are a major cause of genetic FTLD-TDP and contribute to about 
30% of genetic FTD cases4,5. Progranulin (PGRN) is a growth fac-
tor implicated in angiogenesis6, wound healing, inflammation and 
brain development7 and, more recently, in lysosomal function8. 
(Pre)clinical studies on FTD-GRN suggest that GRN haploinsuf-
ficiency is associated with neuroinflammation, which may influ-
ence disease onset and progression in patients with FTD with 
GRN mutations (FTD-GRN)9. In the cerebrospinal fluid (CSF) 
and plasma of patients with FTD-GRN, levels of neuroinflamma-
tory proteins as interleukins and TNF-α, and type II intermediate 
filament GFAP, are increased10,11. In homozygous Grn knockout 
mice (Grn−/−), exacerbated microglia-driven neuroinflammation 
after injury, reduced central nervous system (CNS) pathogen clear-
ance and excessive complement-dependent synaptic pruning were 

shown12–14. However, in humans, homozygous loss of function of 
PGRN leads to neuronal ceroid lipofuscinosis, a different pheno-
type than FTD15. Analysis of postmortem human brain tissues of 
patients may identify the CNS cell types affected in FTD-GRN and 
provide a more accurate understanding of its pathophysiology.

Here we report, to our knowledge, the first (single-nucleus) tran-
scriptomic characterization of FTD-GRN human brain tissues. The 
effect of heterozygous GRN mutations was investigated with bulk 
and single-nucleus RNA sequencing (snRNA-seq) of 431,652 nuclei 
from affected frontal, temporal and unaffected occipital grey mat-
ter (GM) tissue from FTD-GRN donors of independent Dutch and 
French cohorts as well as age-matched and sex-matched controls. 
Using a fluorescence-activated nucleus sorting (FANS) isolation 
strategy to enrich for nuclei of less abundant CNS cell types16, a 
high number of microglia, astrocytes and distinct vasculature cell 
types were obtained, allowing us to detect FTD-GRN-associated 
transcriptomic changes in microglia, astrocytes, endothelial cells, 
pericytes and smooth muscle cells (SMCs).

Results
Transcriptional profiling of FTD-GRN brains. Nuclei were puri-
fied from frontal, temporal and occipital cortical GM samples 
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Frontotemporal dementia (FTD) is the second most prevalent form of early-onset dementia, affecting predominantly frontal and 
temporal cerebral lobes. Heterozygous mutations in the progranulin gene (GRN) cause autosomal-dominant FTD (FTD-GRN), 
associated with TDP-43 inclusions, neuronal loss, axonal degeneration and gliosis, but FTD-GRN pathogenesis is largely unre-
solved. Here we report single-nucleus RNA sequencing of microglia, astrocytes and the neurovasculature from frontal, tem-
poral and occipital cortical tissue from control and FTD-GRN brains. We show that fibroblast and mesenchymal cell numbers 
were enriched in FTD-GRN, and we identified disease-associated subtypes of astrocytes and endothelial cells. Expression of 
gene modules associated with blood–brain barrier (BBB) dysfunction was significantly enriched in FTD-GRN endothelial cells. 
The vasculature supportive function and capillary coverage by pericytes was reduced in FTD-GRN tissue, with increased and 
hypertrophic vascularization and an enrichment of perivascular T cells. Our results indicate a perturbed BBB and suggest that 
the neurovascular unit is severely affected in FTD-GRN.
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from 13 FTD-GRN and 7 control (CTR) donors (42 tissue samples 
in total) with FANS (Fig. 1a and Supplementary Table 1). Precise 
neuroanatomical sampling of the used tissues is indicated in 

Supplementary Table 1. Neuronal (NEUNpos) and oligodendrocyte 
(OLIG2pos) lineage populations were subjected to bulk RNA-seq 
(Extended Data Fig. 1a); non-neuronal and non-oligodendrocyte 
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Fig. 1 | Workflow of the experiment and sample validation. a, Workflow. b, Immunohistochemistry of neuronal marker NEUN. Representative images  
of GM of CTR and FTD-GRN donors in three regions. Dashed line depicts grey–white matter border. Scale bar, 250 μm. c, Number of NEUNpos cells and 
TDPpos fragments per mm2 in three regions of CTR and FTD-GRN brains. Each symbol represents and individual tissue sample. Lines depicts mean per 
group. Statistical analysis between CTR and FTD-GRN samples for each brain region was performed with unpaired two-sided, two-sample Wilcoxon tests.  
d, PCA of NEUNpos nuclei bulk RNA-seq. Colours indicate brain regions; filled circles are CTRs; and open circles are FTD-GRN. e, Four-way plot depicting 
log fold changes of FC versus OC in n = 4 CTR donors (x axis) and n = 4 FTD-GRN donors (y axis). Red filled circles are DEGs (adjusted P < 0.05 and log 
fold change > 1) enriched only in CTR-FC; blue filled circles are DEGs enriched only in CTR-OC. Red open circles are DEGs enriched only in FTD-GRN-FC; 
blue open circles are DEGs enriched only in FTD-OC. Black circles are DEGs in both CTR and FTD-GRN. Statistics was performed using the genewise 
negative binomial generalized linear model and likelihood ratio test implemented in edgeR. f, Bar plot depicting top 20 biological processes associated 
with DEGs enriched in FTD-GRN-FC compared to OC and have a P > 0.05 and an abs(log fold change) < 1 in CTRs. Gene Ontology analysis was performed 
using MetaScape. FC, frontal cortex; OC, occipital cortex; TC, temporal cortex. *P < 0.05; **P < 0.01; ***P < 0.001.
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lineage nuclei (NEUNnegOLIG2neg), enriched for microglia, astro-
cytes, endothelial cells, fibroblasts, pericytes and SMCs, were pro-
cessed for snRNA-seq (Fig. 1a).

Severe cortical neurodegeneration in FTD-GRN. Severe neuro-
nal loss and TDP-43 deposition was confirmed in frontal and tem-
poral FTD-GRN cortices (Fig. 1b,c and Extended Data Fig. 1b,c). 
Neuronal nuclei (NEUNpos) were analysed with bulk RNA-seq. 
Principal component analysis (PCA) segregated occipital from 
frontal and temporal cortex samples (Fig. 1d). In addition, a seg-
regation of frontal and temporal neuronal nuclei was observed 
in principal component 1 (PC1) between FTD-GRN and CTR 
samples (Fig. 1d). To identify disease-associated transcriptional 
changes in neurons, we compared (affected) frontal and (unaf-
fected) occipital cortices in FTD-GRN donors after exclusion of 
genes that were differentially expressed between brain regions in 
CTR donors (Extended Data Fig. 2a,b). In FTD-GRN, 551 differ-
entially expressed genes (DEGs) were identified between frontal 
and occipital cortex, whereas, in CTR, only 113 DEGs were iden-
tified (Extended Data Fig. 2a). To distinguish disease-associated 
from region-associated genes, only FTD-GRN DEGs enriched 
in the frontal cortex (log fold change < −1; P < 0.05) and not dif-
ferentially expressed in CTR brains (abs(log fold change) < 1; 
P > 0.05) were considered as disease-associated DEGs (Fig. 1e,  
Extended Data Fig. 2b and Supplementary Table 2). Gene 
Ontology analysis on the resulting 242 FTD-GRN-associated 
DEGs showed enrichment of biological processes associated with 
cellular stress, vasculature and cell proliferation (Fig. 1f). Among 
the disease-associated DEGs was hypoxia-inducible factor 3A 
(HIF3A), suggesting reduced oxygen tension in FTD-GRN brains 
(Supplementary Table 2). Expression of brain-derived neurotropic 
factor (BDNF) was depleted in the frontal cortex of FTD-GRN. 
BDNF is a neurotrophic factor implicated in several forms of 
dementia, including FTD17, and loss of BDNF function is asso-
ciated with abnormal TDP-43 activity, a feature of FTD-GRN18. 
In addition, expression of PDGFRB, which is a neuroprotective 
factor, was reduced in FTD-GRN frontal cortex neurons. In mice, 
neuron-specific deletion of Pdgfrb exacerbates neuronal death 
after injury or excitotoxicity19.

PCA of OLIG2pos nuclei bulk RNA-seq also segregated FC-FTD 
and TC-FTD from OC-FTD and CTRs (Extended Data Fig. 2c).  
Using deconvolution, we determined that approximately 25% 
of the OLIG2pos nuclei were derived from oligodendrocyte pro-
genitor cells (OPCs) (Extended Data Fig. 2d,e). No differences  
in OPC:oligodendrocyte ratios were observed between CTR and 
FTD-GRN donors (Extended Data Fig. 2d). Several FTD-GRN- 
associated DEGs in the OLIG2pos population were associated with 
OPC dispersion and migration (Supplementary Table 2)20.

Deconvolution analyses confirmed that the OLIG2pos and 
NEUNpos populations were exclusively comprised of oligoden-
drocytes and OPCs and neurons, respectively (Extended Data  
Fig. 2d,g) indicating that the NEUNnegOLIG2neg population analysed 
by snRNA-seq contained the remaining CNS cell types.

Vascular fibrosis in FTD-GRN frontal and temporal corti-
ces. snRNA-seq of 431,652 NEUNnegOLIG2neg nuclei yielded suf-
ficient numbers of less-abundant CNS cell type nuclei to assess 
FTD-GRN-associated changes (Supplementary Fig. 1a,b). A 
median of 1,166 unique genes per nucleus were detected, where 
only 0.16% of the counts mapped to mitochondrial and 0.33% to 
ribosomal genes, indicating that a high-quality, purely nuclear 
dataset was generated (Supplementary Fig. 1c). Unsupervised clus-
tering of the snRNA-seq dataset resulted in 13 clusters (Fig. 2a). 
Low correlations between cluster gene expression profiles indi-
cated that nearly all clusters represented distinct cell types that 
largely segregated into three categories: (1) neurons + macroglia 

(that is, astrocytes and oligodendrocytes), (2) immune cells and  
(3) vasculature cell types (Fig. 2b).

Expression of well-known astrocyte genes (GFAP, AQP4 and 
SLC1A2) was enriched in the largest group of nuclei, which segre-
gated into two clusters. One cluster showed enriched expression of 
SLC1A2 and CABLES1; the other cluster showed enriched expres-
sion of GFAP and SLC38A1 (Fig. 2c,d and Supplementary Table 3).  
A total of 575 genes, including GFAP, were significantly differen-
tially expressed between the two types of astrocytes (Fig. 2d and 
Supplementary Table 3), and GFAPlow and GFAPhigh astrocyte popu-
lations have been observed before in both human and mouse brain 
tissues16,21. To investigate whether these astrocytes represent region-
ally distinct astrocyte subtypes, we used a spatial transcriptomics 
dataset of human cortical brain tissue (10x Genomics) that con-
tains both GM (SNAP25 expression) and white matter (WM) tis-
sue (MBP expression) (Fig. 2e). Expression of genes enriched in the 
GFAPlow astrocyte cluster was abundant in the GM, particularly in 
layers 2–6, and genes enriched in the GFAPhigh astrocyte cluster were 
abundant in cortical layer 1 (L1) and the WM. In situ hybridization 
data from the Allen Brain Institute (image credit: Allen Institute 
for Brain Science, https://human.brain-map.org/ish) of CTR 
donors further confirmed the cortical GM localization of GFAPlow 
astrocyte-enriched genes and GFAPhigh astrocyte-enriched genes in 
cortical L1 and in the WM (Fig. 2f). These data indicate that both 
GM and L1/WM astrocytes were obtained in our samples, and their 
relative ratios in each sample likely depended on the cortical lay-
ers and amount of (remaining) WM included in the tissue sections 
used for snRNA-seq. From here onwards, GFAPlow and GFAPhigh 
astrocyte populations are referred to as GM-Astrocytes and L1/
WM-Astrocytes, respectively.

Three clusters containing immune cells were identified: 
(1) microglia expressing CX3CR1, P2RY12 and CSF1R; (2) 
CNS-associated macrophages (CAMs) expressing F13A1 and 
LYVE1—genes reported in ref. 22; and (3) a cluster containing 
various lymphocytes (T cells, B cells and natural killer (NK) cells) 
expressing IL7R, NKG7 and MS4A1 (Fig. 2b,c and Supplementary 
Table 3).

In the NEUNnegOLIG2neg nuclei population, the relative fraction 
of macroglia, microglia and CAMs was unchanged in FTD-GRN 
compared to CTR samples and among brain regions in the same 
donor. Lymphocytes were enriched in several FTD-GRN samples 
compared to CTR, in particular in the temporal and occipital  
cortices (Supplementary Fig. 1d,e).

By depleting neuronal and oligodendrocyte lineage nuclei, we 
obtained a high number of nuclei from relatively less abundant brain 
cell types (Supplementary Fig. 1a,b), including cell types forming the 
neurovasculature: endothelial cells, pericytes and SMCs. Therefore, 
we were able to analyse pure populations of endothelial cells (CLDN5 
and FLT1), pericytes (PDGFRB) and SMCs (ACTA2 and MYH11) in 
the context of FTD-GRN (Fig. 2a–c,g,h and Supplementary Table 3).  
Moreover, we identified a fibroblast cluster (COL1A1 and DCN) 
and a small cluster expressing mesenchymal genes that both were 
almost exclusively derived from FTD-GRN samples (Fig. 2c,g,h and 
Supplementary Table 3). Comparing our human vasculature cell 
types with a mouse dataset, enrichment of endothelial, fibroblast, 
pericyte and SMC-specific genes was observed in the corresponding 
cell types in our human dataset, confirming reliable cell type identi-
fication (Extended Data Fig. 3a). Additionally, we identified a small 
cluster of nuclei-expressing genes suggestive of a mesenchymal cell 
type almost exclusively derived from FTD-GRN samples but not 
reported in previous (mouse) studies (Fig. 2g,h and Supplementary 
Fig. 4a). The findings that fibroblasts and mesenchymal nuclei were 
almost exclusively derived from FTD-GRN samples was validated 
in total brain tissue RNA using RT–qPCR for fibroblast marker gene 
COL1A1 (ref. 23) and mesenchymal marker gene PHLDB2 (Extended 
Data Fig. 3b). Mesenchymal nuclei showed enriched expression of 
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Fig. 2 | snRNA-seq of NEUNnegOLIG2neg nuclei. a, UMAP depicting 431,652 nuclei from 42 human brain tissues from FTD-GRN and CTR donors. Colours 
depict cell type clusters resulting from unsupervised clustering analysis. b, Correlogram depicting correlations of gene expression profiles between cell 
types. Cell types are ordered by hierarchical clustering depicted on the left side. c, Dot plot depicting representative cell type marker genes. Colour scale 
depicts average gene expression level, and dot size depicts fraction of nuclei expressing the gene. d, Violin plots depicting expression levels of selected 
genes in GM-Astrocyte and L1/WM-Astrocyte populations (left). Dot plot depicting log fold change and significance levels of differential gene expression 
between GM-Astrocytes and L1/WM-Astrocytes. Red-coloured and orange-coloured dots represent DEGs (log fold change > 0.25 and adjusted P < 0.05) in 
logistic regression statistical analysis. e, Spatial transcriptomics depicting expression levels of SNAP25 (neuronal) and MBP (myelin) and module scores of 
GM-Astrocyte and L1/WM-Astrocyte genes per spot. f, In situ hybridization of SLC1A2 and GFAP in occipital cortex of CTR donors. Scale bar, 3 μm. g, Stacked 
bar plot depicting distribution of vasculature cell types per group with chi-squared statistical analysis. h, Bar plots depicting vasculature cell type distribution 
in each region per group (FC-CTR: n = 4; FC-FTD: n = 11, TC-CTR: n = 4, TC-FTD: n = 8, OC-CTR: n = 7, OC-FTD: n = 6). Black circles depict individual samples. 
Bars depict mean, and error bars depict standard error. Statistical analysis was performed with a generalized linear model using quasi-binomial distribution 
and correction for multiple testing with FDR. i, CLDN5/FN staining in the FC of a CTR and FTD-GRN donor. Nuclei are depicted in grey, CLDN5 in cyan 
and FN in magenta. Scale bar, 50 μm (left) or 10 μm (right). j, Box plot per group depicting the ratio of vessel area covered by FN versus CLDN5 (FC-CTR: 
n = 3; FC-FTD: n = 3). Whiskers in box plot extend to the highest and lowest values within 1.5× interquartile range; centre depicts median value. Correlation 
between the vessel area covered by FN versus CLDN5. Statistical analysis was performed with Pearson’s correlation. FC, frontal cortex; OC, occipital cortex; 
TC, temporal cortex; NS, not significant; UMAP, uniform manifold approximation and projection. *P < 0.05; **P < 0.01; ***P < 0.001.
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SLIT2, BMP5, VEGFA, THSD4, PHLDB2 and PDGFD, and these 
genes associated with Gene Ontology terms ‘regulation of bone 
mineralization’ and ‘replacement ossification’, among others (Fig. 2c, 
Extended Data Fig. 3c and Supplementary Table 3). All five vascular 
cell types expressed genes associated with tissue and/or blood vessel 
development (Extended Data Fig. 3c,d and Supplementary Table 3). 
Expression of genes associated with extracellular matrix (ECM) and 
collagens was particularly observed in fibroblasts, whereas genes 
associated with general developmental processes, not specific for 
the CNS, were enriched in the mesenchymal cluster, suggesting that 
this cluster consists of de-differentiated (neurovascular/endothe-
lial) cells (Extended Data Fig. 3d and Supplementary Table 3).

To investigate if the cellular composition was altered in 
FTD-GRN vessels, we determined the relative abundance of each 
cell type within this group (Fig. 2g). Compared to control samples, 
significant differences in vascular cell proportions were observed 
in the frontal and temporal cortex of FTD-GRN donors but not 
in the (unaffected) occipital cortex. The proportion of fibroblast, 
mesenchymal and SMC nuclei was relatively increased, and pericyte 
and, particularly, endothelial cell nuclei proportions were reduced 
in frontal and temporal FTD-GRN cortices compared to CTR  
(Fig. 2g,h). To confirm this in situ, three CTR and three FTD- 
GRN frontal cortices were stained for endothelial tight junction 
protein CLDN5 and ECM protein fibronectin (FN), which is asso-
ciated with fibrosis, vascular remodeling and astrogliosis24. The 
ratio of FNpos staining versus CLDN5pos staining of blood vessels was 
increased in FTD-GRN and negatively correlated, indicating that 
vessels were more fibrotic in FTD-GRN frontal cortex (Fig. 2i,j). 
The CLDN5pos area per vessel fragment was reduced in FTD-GRN, 
which is associated with increased BBB permeability and has also 
been reported in other types of dementia (Fig. 2j)25. These data show 
that the composition of the vessels in FTD-GRN brains is changed 
and potentially more fibrotic.

Neurovascular cell–cell interactions are altered in FTD-GRN. 
With CellChat, we analysed possible changes in intercellular com-
munication in FTD-GRN26. This analysis gives insight in cellular 
communication by re-analysing the dataset using algorithms that 
are independent from the conventional (sub)clustering-based 
analyses depicted in the rest of this paper. Comparing the cell–cell 
interactomes of CTR and FTD-GRN frontal cortex samples indi-
cated extensive alterations in communication among endothelial 
cells, fibroblasts, astrocytes and mesenchymal cells in FTD-GRN 
tissue. Unexpectedly, the number of possible interactions with 
and between immune cells (microglia, CAMs and lymphocytes) 
was largely unchanged in FTD-GRN (Fig. 3a). These data suggest 
that the cellular interactome of the neurovascular unit is strongly 
affected in FTD-GRN.

Cellular communication pathways between cells in the fron-
tal cortex of CTR and FTD-GRN donors were clustered based on 
functional similarities. Four pathway clusters were identified con-
taining 96 unique pathways (Fig. 3b and Supplementary Table 4). 
Clusters 1 and 4 contained vascular and growth factor pathways, 
including ANGPT, EGF, IGF and HGF. Clusters 2 and 3 contained 
inflammatory pathways, including IFN-II, SPP1 and interleukins 
(Supplementary Table 4). Most of the pathways from CTR and 
FTD-GRN clustered together, and 20 pathways segregated into dif-
ferent clusters for CTR and FTD-GRN; these pathways are labeled 
in Fig. 3b. These associated with vascularization, BBB function 
(ANGPT, NGF and SEMA3) and neurotrophic signaling (BAFF, 
ACTIVIN, IGF and NT) (Extended Data Fig. 4 and Supplementary 
Table 4). The Euclidian distance between all pairs of shared pathways 
was ranked, and CXCL signaling was most perturbed in FTD-GRN, 
followed by NGF, SEMA3 and complement signaling (Fig. 3c). The 
CXCL signaling pathway, associated with chemotaxis, inflamma-
tion and dysfunction of the BBB27, was particularly enriched in 

FTD-GRN via autocrine GM-Astrocyte signaling and paracrine 
GM-Astrocyte-Microglia and Microglia-L1/WM-Astrocyte signal-
ing (Fig. 3d). CXCL signaling to and from vessels was also enriched 
in FTD-GRN, including signaling derived from lymphocytes  
(Fig. 3d). The lymphocyte cluster was mainly comprised of T cells 
(data not shown). The CXCL signaling from the lymphocyte cluster 
was exclusively derived from CXCL12-CXCR4 signaling, and this 
is associated with T cell adhesion and transendothelial migration28.  
To investigate T cells in FTD-GRN brain tissues, immunohis-
tochemistry (IHC) for CD3 was performed. A robust increase in 
CD3pos cells in the perivascular space of large vessels (arteries/veins) 
was observed, which was most pronounced in WM and also signifi-
cantly present in GM (Fig. 3e).

The second largest Euclidian distance was observed in the 
NGF signaling pathway, which promotes the formation of new 
blood vessels, and has both neurotrophic and neurotoxic func-
tions29,30 (Fig. 3c). An enrichment of NGF signaling toward 
blood vessels was observed, suggestive of increased angiogenesis 
(Fig. 3f). Together, these cellular interactome data indicate that 
pro-angiogenic, BBB permeability and neurotrophic cell–cell sig-
naling pathways are most differentially regulated in FTD-GRN 
brains31. Additionally, perivascular T cells were identified in 
FTD-GRN brain tissues, indicating increased lymphocyte traf-
ficking across the BBB in FTD-GRN.

Microglia are only mildly affected in human FTD-GRN brains. 
Microglia abundance was not altered between FTD-GRN and  
CTR donors in the snRNA-seq dataset (Supplementary Fig. 1e). 
Also, the number of IBA1-expressing cells per mm2 quantified 
in situ and the fraction of tissue covered by IBA1 did not differ 
between FTD-GRN and CTR samples in any of the brain regions 
(Extended Data Fig. 5a,b).

The transcriptional profile of microglia was analysed by unsu-
pervised subclustering and differential gene expression analysis 
among the nine subclusters obtained (Fig. 4a and Supplementary 
Table 5). Significant differences in subcluster distribution between 
FTD-GRN and CTR donors were observed, where cluster 0 
was depleted and cluster 1 was enriched in frontal and temporal 
FTD-GRN tissues (Extended Data Fig. 5c). Nearly all identified 
microglia subtypes, except for subcluster 1, had profiles similar 
to the microglia subtypes that we previously reported in Gerrits 
et al.16. The expression of homeostatic microglia genes (P2RY12 
and CX3CR1) was enriched in subcluster 0. This subcluster was 
abundant in CTR samples and less abundant in the frontal cortex 
in FTD-GRN (Fig. 4b,c). Subcluster 1, showing enriched expression 
of DPP10, PCDH9 and NRG5, was more abundant in the frontal 
cortex of FTD-GRN donors (Fig. 4c,d and Supplementary Table 5).  
However, subclusters 0 and 1 likely both contain homeostatic 
microglia as they have highly similar gene expression profiles. Even 
with very lenient criteria (log fold change > 0.25 and P < 0.05), only 
49 genes were minimally differentially expressed between subclus-
ter 0 and subcluster 1 (Fig. 4e and Supplementary Table 5).

In some samples, a microglia subcluster expressing proliferation- 
associated genes (TOP2A and MKI67; subcluster 6) was detected. 
No increase in stress-associated microglia (HSP1A1, HSPH1 and 
FOS; subcluster 3), CAM-like microglia (CD163, IL15 and APOE; 
subcluster 2) or pro-inflammatory microglia (IL1B and NFKB1; 
subcluster 7) was observed in FTD-GRN samples compared to CTR. 
A small subcluster of microglia with enriched expression of comple-
ment genes (C1QA, C1QB and C1QC; subcluster 4) was depleted 
in frontal and temporal FTD-GRN cortices compared to CTR  
(Fig. 4c,d). This is in line with the inferred depletion of 
microglia-derived complement signaling in FTD-GRN (Figs. 3c 
and 4f and Extended Data Fig. 4c). This finding is in stark contrast 
to transcriptional changes found in microglia from the thalamus of 
Grn−/− mice, where complement-dependent microglia activation  
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was reported32. Furthermore, the expression of genes associated 
with Grn−/− thalamic microglia was not enriched in any of the 
microglia subclusters obtained in our dataset using unsupervised 
subclustering (Fig. 4g). Investigation of the expression of Grn−/− 
microglia-enriched genes per sample showed a small enrichment 
in frontal and temporal FTD-GRN cortices compared to controls, 
but this was not detected with unsupervised analyses (Extended 
Data Fig. 5d). Therefore, these data show that genes differentially 
expressed in Grn−/− microglia are minimally affected in the cortex 
of FTD-GRN donors and do not drive microglia heterogeneity in 

FTD-GRN brains. The absence of severe microglia activation in 
FTD-GRN agrees with findings in heterozygous Grn�/� mice by 
Filiano et al.33, where also no microglia activation was observed33.

In summary, these data strongly suggest that microglial-driven 
neuroinflammation is not a key factor in FTD-GRN.

Clusters of WDR49pos astrocytes in FTD-GRN brain tissues. 
The cell–cell interaction analysis (Fig. 3) pointed to alterations 
in the neurovascular unit, which were further delineated by sub-
clustering and analysing the expression profiles of these cell types 
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Fig. 4 | Microglia are only mildly affected in FTD-GRN brains. a, UMAP depicting 149,702 microglia nuclei. Colours depict unsupervised clustering 
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separately. Astrocytes are important components of the neurovas-
cular unit, providing regulatory functions and support to other cell 
types31. Using low-resolution, unsupervised clustering of the total 
snRNA-seq dataset, astrocytes segregated into two subtypes—that 
is, GM-Astrocytes and L1/WM-Astrocytes (Fig. 2a). After tissue 
sectioning, primarily GM was subjected to snRNA-seq, and, in this 
paper, we, thus, focused on FTD-GRN-associated changes in the 
GM-Astrocyte population.

Subclustering of GM-Astrocytes resulted in nine subclusters 
(Fig. 5a), and significant differences in subcluster distribution were 
detected between CTR and FTD-GRN (Fig. 5b) but also between 
brain regions (Extended Data Fig. 5e). Subclusters 4, 5, 7 and 8 
were significantly enriched in frontal and/or temporal cortices of 
FTD-GRN donors and depleted in the occipital cortex (Fig. 5c). 
Expression of genes involved in wounding responses, fluid trans-
port, primary cilia and tissue development was enriched in these 
subclusters (Fig. 5c,d, Extended Data Fig. 6a and Supplementary 
Table 5). Expression of genes associated with ‘response to oxidative 
stress’ and the NRF2 pathway was enriched in subcluster 7, which 
is associated with cell defenses against oxidative stress (Extended  
Data Fig. 6a)34. Expression of interferon-associated genes was 
strongly enriched in subcluster 8 (IFI44L, IFIT3, STAT1, IFIH1 and 
IFIT1; Fig. 5d), which associate with Gene Ontology terms such as 
‘interferon signaling’ and ‘defense response to virus’ (Extended Data 
Fig. 6a). A similar astrocyte phenotype was recently reported in 
lipopolysaccharide (LPS)-stimulated mice, where these cells closely 
associated with vessels35.

A high number of differential cell–cell interactions was observed 
between CTR and FTD-GRN GM-Astrocytes in the frontal cortex 
(Fig. 3a). Several GM-Astrocyte-derived signaling pathways were 
highly enriched in FTD-GRN (Fig. 3c), including CXCL signaling 
to vessels and parenchymal cells, a pathway associated with che-
motaxis, inflammation and BBB breakdown in response to synap-
tic degeneration (Fig. 3d)36,37. Astrocyte-derived CXCL signaling 
is associated with neutrophil transendothelial migration and BBB 
permeability in a mouse model for viral encephalitis36. In addition, 
both paracrine and autocrine ANGPT signaling by GM-Astrocytes 
was enriched in FTD-GRN (Figs. 3c and 5e). ANGPT signaling to 
astrocytes is associated with regulation of leukocyte infiltration into 
the CNS in response to neurodegeneration37; indeed, we observed 
increased numbers of perivascular T cells in FTD-GRN (Fig. 3e). 
The SEMA3 pathway, which is associated with BBB alterations and 
increased vascular permeability, was also enriched in FTD-GRN. 
GM-Astrocyte-derived SEMA3 signaling was targeted to both vas-
cular and parenchymal cell types (Figs. 3c and 5f)38. These data 
indicate that GM-Astrocytes in FTD-GRN brains associated with 
a dysfunctional BBB. In addition to vascular pathways, neuro-
trophic signaling via tenascin C and NRXN was also enriched in 
FTD-GRN astrocytes (Extended Data Fig. 4a,b). Tenascin C has 
neurotrophic functions and is associated with tissue regeneration, 
inflammation and fibrosis39. NRXN signaling from GM-Astrocytes 
to neurons was also enriched in FTD-GRN (Extended Data  
Fig. 4b), and NRXN is associated with synapse assembly, suggest-
ing increased neuro-supportive properties of GM-Astrocytes in 
FTD-GRN as well40.

To validate the finding that astrocytes are severely altered 
in FTD-GRN, IHC and immunofluorescence (IF) for GFAP, 
AQP4 and WDR49 were performed, of which the gene expres-
sion was significantly enriched in subclusters 4, 5 and 8 (Fig. 5d 
and Supplementary Table 5). First, we performed GFAP IHC, and 
this showed significantly increased immunoreactivity in the fron-
tal cortex of FTD-GRN donors (Extended Data Fig. 6b–d), with a 
large and significant increase in the number of partly overlapping 
GFAPpos cells, with a more disorganized pattern in both frontal and 
temporal cortices of FTD-GRN donors (Extended Data Fig. 6b,d). 
This is in contrast to the typical GFAP staining of intermediate  

filaments, evenly dispersed in CTR samples and in the occipital 
cortex of FTD-GRN donors (Extended Data Fig. 6b, top left). The 
number of GFAPpos cells and tissue coverage by GFAP significantly 
correlated with both neuronal loss and TDP-43 accumulation 
(Extended Data Fig. 6e).

Second, IF for AQP4, in combination with vascular markers 
laminin and ULEX, was performed to investigate AQP4 protein 
expression on astrocyte endfeet. A significant increase in AQP4 on 
blood vessels was observed in the frontal cortex of FTD-GRN tis-
sues and a significant decrease in the occipital cortex (Extended 
Data Fig. 6f,g). This pattern is in line with the snRNA-seq findings, 
supporting the reliability of our subclustering analyses. Depleted 
AQP4 expression on astrocyte endfeet is associated with BBB dys-
function, indicating that BBB dysfunction may also be present in 
FTD-GRN occipital cortex.

Third, in addition to GFAP and AQP4, which are two established 
astrocyte markers, we also validated our findings using a novel 
marker identified in the snRNA-seq data: WDR49, which is sig-
nificantly enriched in subclusters 4, 5 and 8 (Fig. 5d). We visualized 
WDR49 with an antibody from the Human Protein Atlas (www.
proteinatlas.org) on frontal, temporal and occipital cortices of 13 
FTD-GRN donors and 4 CTR donors. WDR49pos cells with a clear 
astrocyte-like morphology were exclusively detected in FTD-GRN 
tissues (Fig. 5g and Extended Data Fig. 7). WDR49pos cells were 
abundantly present in the frontal cortices of all 13 FTD-GRN 
donors, in about half of the temporal cortices and not detected in 
any of the occipital cortices of 13 FTD-GRN donors, exactly match-
ing the region-specific neurodegenerative pattern of FTD. In CTR 
donors, no WDR49pos cells were detected in any of the brain regions 
examined. To confirm that WDR49pos cells were astrocytes, we 
performed double labeling with GFAP on 4 FTD-GRN samples, 
confirming that WDR49pos cells also expressed GFAP (Fig. 5h and 
Extended Data Fig. 8). The WDR49pos astrocytes in FTD-GRN 
GM were present in clusters of approximately 200 μm in diameter. 
The number of clusters was higher in samples with greater sever-
ity of neurodegeneration. WDR49 has recently been associated with 
astrocytes as well41. WDR49 expression revealed a novel aspect of 
FTD-GRN pathology, namely that reactive astrocytic changes are 
not homogenously distributed throughout the GM and that WDR49 
can be viewed as a new neuropathological hallmark of FTD-GRN.

Taken together, the results of our snRNA-seq study indicate that 
GM-Astrocytes are severely affected in FTD-GRN and acquire reac-
tive phenotypes and gene expression changes reflective of oxidative 
and cellular distress and BBB alterations. These reactive astrocytes 
express WDR49, a novel neuropathological hallmark of FTD-GRN, 
and are located in circular, unevenly distributed clusters that are 
detected throughout the GM.

Expression of BBB dysfunction genes in FTD-GRN endothelium. 
Subclustering of endothelial cell nuclei, the major constituent of the 
neurovasculature, resulted in eight subclusters, with significant dif-
ferences between CTR and FTD-GRN groups (Fig. 6a–c, Extended 
Data Fig. 5f and Supplementary Table 5). Module scoring and tra-
jectory analyses using endothelial cell zonation genes23 showed 
a gradient indicating that subclusters 4 and 5 were derived from 
venules/veins, subclusters 0 and 2 from capillaries and subclusters 
3 and 6 from arteries/arterioles (Extended Data Fig. 9a). Skewed 
A-V zonation was observed in FTD-GRN, a finding also reported in 
pericyte-depleted mouse brains, suggesting pericyte depletion and/
or dysfunction in FTD-GRN (Fig. 6c)42. Expression of PDGFB was 
most abundant in subclusters 0 and 2 and is important for com-
munication with PDGFRB-expressing pericytes, strongly suggest-
ing that subclusters 0 and 2 were derived from capillaries, which are 
contacted by pericytes (Fig. 6d).

Subcluster 0 nuclei were depleted in frontal and temporal  
cortices of FTD-GRN donors (Fig. 6b,c); gene expression of the 
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Fig. 5 | Astrocytes are severely affected in the frontal and temporal cortices of FTD-GRN donors. a, UMAP depicting 139,628 GM-Astrocyte nuclei. Colours 
depict unsupervised clustering analysis resulting in nine subclusters of astrocytes. b, UMAPs split by donor group and coloured by brain region. c, Bar plots 
depicting subcluster distribution in each region per group. Black circles depict individual samples (FC-CTR: n = 4; FC-FTD: n = 13, TC-CTR: n = 4, TC-FTD: n = 8, 
OC-CTR: n = 7, OC-FTD: n = 6). Bars depict mean; error bars depict standard error. Statistical analysis was performed with a generalized linear model using 
quasi-binomial distribution and correction for multiple testing with FDR. d, Dot plot depicting enriched genes of each subcluster. Colour scale depicts scaled 
expression levels; size of the circles depicts fraction of nuclei in subcluster where the gene is detected. e,f, Hierarchy plot depicting ANGPT (e) and SEMA3 
(f) signaling network pathway across all cell types for each group. Circle sizes are proportional to the number of cells in each group. Edge width is proportional 
to communication probability. GM-Astrocyte signaling is highlighted in red. g, Representative images of IHC of WDR49 in the GM of FTD-GRN temporal 
cortex. Scale bar of the top-left image is 500 μm; scale bar of the bottom-left image is 250 μm; scale bar of the right image is 100 μm. h, Representative images 
of fluorescent double labeling of WDR49 with GFAP in FTD-GRN FC. Scale bar, 50 μm. FC, frontal cortex; OC, occipital cortex; TC, temporal cortex; UMAP, 
uniform manifold approximation and projection. *P < 0.05; **P < 0.01; ***P < 0.001.
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canonical endothelial tight junction protein gene CLDN5, which 
regulates BBB permeability43, and the vascular endothelial growth 
factor receptor (FLT1), was enriched in this subcluster. Depleted 
CLDN5 expression in FTD-GRN endothelial cells is in line with 
the reduced CLDN5 staining depicted in Fig. 2i,j. Additionally, 
MFSD2A expression, which is critical for formation and func-
tion of the BBB, was enriched in subcluster 0 and depleted in 
FTD-GRN (Fig. 6c,d). In contrast, subclusters 2, 4 and 6 were 
prominently enriched in FTD-GRN. Subclusters 2 and 6 showed 
enriched expression of genes associated with brain development 
and regeneration (BMPR1B, FGFR2, FGF2 and COL8A1; Fig. 6c,d 
and Supplementary Table 5) and for BCL2 and NCAM1, and the 
latter have been associated with enhanced angiogenesis and blood 
vessel leakiness in tumours; this indicated that subcluster 2 is asso-
ciated with (hyper)vascularization of capillaries44,45. Endothelial 
cell subcluster 4 was particularly enriched in the temporal cortex 
of FTD-GRN donors and in the occipital cortex of one FTD-GRN 
donor, and expressed genes associated with multiple inflamma-
tion pathways, including interleukin signaling (IL4R, IL1R1), che-
mokine signaling (CXCL2, CX3CL1 and ACKR1) and the NF-κB 
pathway (NFKB1, IRAK2 and IER3) (Fig. 6c,d and Supplementary  
Table 5). Cell adhesion molecules (ICAM1 and VCAM1), also 
enriched in expression in subcluster 4, are associated with leukocyte 
migration into the CNS in several neurological diseases, includ-
ing multiple sclerosis, which is a neurodegenerative autoimmune  
disease with BBB dysfunction46. Additionally, expression of HIF1A 
and Egl-9 family hypoxia-inducible factor 1 (EGLN1) was signifi-
cantly enriched in subcluster 4. In summary, endothelial cells in 
subcluster 4, which were predominantly FTD-GRN derived, were 
associated with venular inflammation, cell adhesion and hypoxia, 
and this subcluster was particularly enriched in the temporal cortex.

To further investigate whether FTD-GRN-associated endothe-
lial cells are associated with BBB dysfunction, we investigated the 
expression of brain-specific and periphery-specific endothelial cell 
genesets in our subclusters47. In subclusters 2, 4 and, in particu-
lar, 6 (arterial), the expression of endothelial genes specific for the 
brain was depleted, whereas those enriched in peripheral tissues 
were enriched (Fig. 6e). Loss of BBB-specific gene expression in 
brain endothelial cells is a feature associated with BBB dysfunc-
tion, and this suggests that these endothelial cells lose environ-
mental support from pericytes and/or neurons47. In our cell–cell 
communication analysis, endothelial cells showed increased 
numbers of inferred interactions with most other neurovascular 
cell types in FTD-GRN. However, the number of inferred interac-
tions between endothelial cells and neurons was reduced (Fig. 3a).  
The formation and function of the BBB is dependent on the 
coordinated interaction among endothelial cells, pericytes, glial 
cells and neurons48. Thus, the observed decrease in interactions 

between endothelial cells and neurons may have contributed to 
BBB dysfunction, depicted by the depletion of BBB-specific gene 
expression in FTD-GRN-associated endothelial cell subclusters 
(Fig. 6e). Looking at BBB dysfunction gene modules in endothe-
lial cells identified in mouse models by Munji et al.47, we observed 
increased expression of these genes in subclusters 2, 4 and 6, which 
were enriched in FTD-GRN (Fig. 6c,f).

Analysis of the cellular interactome revealed that chemokine sig-
naling from endothelial cells to both vascular and parenchymal cells 
was enriched in FTD-GRN, which is in line with the enrichment 
of chemokine genes in subcluster 4 (Fig. 3d). Complement signal-
ing from and to endothelial cells was also enriched in FTD-GRN 
(Extended Data Fig. 4c). This is associated with vascular inflamma-
tion and BBB dysfunction during aging and in neurodegenerative 
disease49. NGF signaling to and from endothelial cells was enriched 
in FTD-GRN (Fig. 3f), and NGF promotes the formation of new 
blood vessels30. VEGF signaling derived from endothelial cells was 
depleted in FTD-GRN (Fig. 6g), and loss of VEGFA-FLT1 signaling 
in mice is associated with destabilization of the vascular wall and 
increased vascular permeability50. These observations corroborate 
our findings that the neurovasculature is perturbed in FTD-GRN.

IHC to visualize blood vessels was performed with the endo-
thelial tight junction protein CLDN5 and the endothelial basal 
membrane component laminin, and these confirmed vascular 
alterations in FTD-GRN brain tissues (Fig. 6h,i and Extended 
Data Fig. 9b). Significantly increased total tissue coverage by 
CLDN5 was detected in the frontal cortex of FTD-GRN com-
pared to CTR, and a similar trend was observed in the temporal 
cortex (Fig. 6i). The number of vessel fragments in both CLDN5 
and laminin stainings was increased in FTD-GRN compared 
to CTR, in particular in the frontal cortex, and similar patterns 
were observed in temporal and occipital cortices (Extended Data  
Fig. 9b). The number of vessel fragments correlated signifi-
cantly to neuronal loss, TDP-43 accumulation and the number  
of GFAPpos cells (Extended Data Fig. 6e). Hypertrophic blood 
vessels that may represent vascular units affected by inflamma-
tion47 were frequently observed in FTD-GRN tissue (Fig. 6i and 
Extended Data Fig. 9c). Additionally, clusters of small vessels 
indicative of neovascularization, or ‘raspberries’, were observed 
in FTD-GRN samples but rarely in CTR samples, and these were 
immunoreactive for FN (Extended Data Fig. 9c,d)51,52.

We performed RT–qPCR for vascular marker CD31 on total 
brain tissue RNA confirming increased (neo-)vascularization in 
FTD-GRN brains. In line with the IHC findings, expression of 
CD31 was particularly increased in the frontal cortex of FTD-GRN 
donors, and similar trends were observed in the unaffected occipital 
cortex, suggesting that this may be an early feature of FTD-GRN 
pathology (Extended Data Fig. 9e).

Fig. 6 | Endothelial cells are affected and express BBB dysfunction gene modules in FTD-GRN. a, UMAP depicting 12,691 endothelial cell nuclei. Colours 
depict unsupervised clustering analysis resulting in eight endothelial cell subclusters. b, UMAPs by donor group and brain region. c, Bar plots depicting 
subcluster distribution in each region per group. Black circles depict individual samples (FC-CTR: n = 4; FC-FTD: n = 11, TC-CTR: n = 4, TC-FTD: n = 8, 
OC-CTR: n = 7, OC-FTD: n = 6). Bars depict mean; error bars depict standard error. Statistical analysis was performed with a generalized linear model 
using quasi-binomial distribution and correction for multiple testing with FDR. Density plot depicting nuclei distribution across pseudo-time representing 
A-V zonation of endothelial cell nuclei. d, Dot plot depicting enriched genes of each subcluster. Colour scale depicts scaled expression levels; dot size 
depicts the fraction of nuclei in subcluster where the gene is detected. e, Violin plots with box plots depicting module scores of BBB-associated and 
periphery-associated endothelial cell gene sets derived from Munji et al.47 in endothelial cell subclusters. f, UMAPs depicting module scores of BBB 
dysfunction gene sets derived from Munji et al.47. g, Hierarchy plot depicting VEGF signaling network pathway across all cell types for each group. Circle 
sizes are proportional to the number of cells in each group. Edge width is proportional to communication probability. Endothelial and pericyte signaling 
are highlighted in blue and purple, respectively. h, Representative images of IHC for the endothelial tight junction protein CLDN5 per group. Cortical layers 
are depicted. Dashed line shows grey–white matter junction. Scale bar, 250 μm. i, CLDN5 IHC of FC of CTR and FTD-GRN donor (top row). Hypertrophic 
blood vessel in the temporal cortex of FTD-GRN donor (bottom right). Arrows indicate hypertrophic vessels. Scale bar, 100 μm. Dot plot depicting fraction 
CLDN5pos staining per group (bottom left). Lines depict mean per group.; circles depict individual samples. Statistical analysis between CTR and FTD-GRN 
samples for each brain region was performed with unpaired two-sided, two-sample Wilcoxon test. FC, frontal cortex; OC, occipital cortex; TC, temporal 
cortex; UMAP, uniform manifold approximation and projection. *P < 0.05; **P < 0.01; ***P < 0.001.
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Taken together, endothelial cells are severely affected in 
FTD-GRN, characterized by inflammation, BBB dysfunction and 
neovascularization.

Loss of functional pericytes in FTD-GRN. Next to endothelial 
cells and supportive astrocytes, the neurovascular unit consists of 
mural cells, which can be distinguished into pericyte-contacting 
capillaries, and SMCs surrounding arteries and veins46,53. The 
mural cells were subclustered in seven subclusters with significant 

differences between CTR and FTD-GRN (Fig. 7a–d and Extended 
Data Fig. 5g). Module scoring using pericyte and SMC zonation 
gene sets23 was used to annotate the mural cell subclusters (Fig. 7e). 
Expression of pericyte genes was enriched in subclusters 0, 1, 3,  
5 and 6, whereas expression of SMC genes was enriched in  
subclusters 2 and 4 (Fig. 7e). More specifically, genes enriched in 
arterial SMCs were most abundant in subcluster 2, whereas genes 
enriched in venous SMCs were more abundantly expressed in  
subcluster 4 (Fig. 7e).
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Subcluster 0 pericytes were significantly depleted in FTD-GRN 
frontal and temporal cortices, but not in the unaffected occipital 
cortex, and expressed vasculature supportive genes such as VEGFA, 
its receptor (FLT1) and PDGFRB, essential for communication with 
endothelial cells (Fig. 7c,d and Supplementary Table 5). Loss of 
pericyte-derived VEGF signaling in FTD-GRN was also inferred in 
the cell–cell interaction analysis (Fig. 6g). VEGFA-FLT1 signaling 
is necessary for controlling endothelial cell behaviour and regulat-
ing endothelial sprouting54. Inactivation of Flt1 in mouse pericytes 
results in loss of endothelial branching and enlargement of blood 
vessels54, a vascular phenotype that we also observed in FTD-GRN 
brains (Fig. 6i). Additionally, loss of functional pericytes is associ-
ated with increased expression of adhesion molecules in the brain 
vasculature, which we observed in the venular endothelial cells in 
FTD-GRN (Fig. 6c,d)48,55. In our cell–cell communication analysis, 
communication from endothelial cells to pericytes was enriched, 
whereas communication from pericytes to endothelial cells was 
depleted, suggesting that pericyte inactivity may be one of the first 
harmful events leading to endothelial cell dysfunction (Fig. 3a). 
Hence, our data suggest that loss of functional pericytes and com-
munication to endothelial cells in FTD-GRN brains underlie neuro-
vascular pathology and BBB dysfunction in FTD-GRN. This is also 
supported by the finding of depleted MFSD2A expression by endo-
thelial cells in FTD-GRN, which was also reported in endothelial 
cells devoid of pericyte contact in mouse brains (Fig. 6d)42. Notably, 
the ratio of pericyte versus capillary endothelial nuclei numbers 
was unchanged, indicating functional loss rather than absolute 
loss of pericyte numbers in FTD-GRN (Fig. 7f). This finding was 
validated using PDGFRB staining, showing significantly reduced 
pericyte coverage of vessels in FTD-GRN frontal cortex compared 
to CTR (Fig. 7g,h). This is suggestive of loss or degradation of peri-
cytes associated with the capillary wall or shedding of PDGFRB by 
pericytes. Remarkably, a similar trend was observed in the occipital 
cortex (P = 0.06), suggesting that loss of capillary function may be 
an early feature of FTD-GRN pathology and occurs before the onset 
of neurodegeneration. For arteries and veins, a trend was observed 
where the number of SMCs per endothelial cell nuclei was enriched 
in arteries in FTD-GRN frontal and temporal cortices and in veins 
of the temporal cortex, which may be due to fibrosis of vascular 
walls (Fig. 7f).

Finally, to investigate whether neurovascular changes also  
occur in homozygous Grn−/− mice, we re-analysed the data from 
Zhang et al.32 (Extended Data Fig. 10a–c). At a young age in Grn−/− 
mice, before microglia activation occurs, endothelial cells and 
pericytes were relatively depleted, whereas fibroblasts, mesenchy-
mal cells and SMCs were enriched. These patterns support our 
observations in human FTD-GRN (Fig. 2h and Extended Data  
Fig. 10d) and suggest that neurovascular changes are an early fea-
ture of FTD-GRN-associated pathology and possibly the underly-
ing factor for the onset of neurodegeneration in FTD-GRN.

Together, these data indicate that all cell types associated with 
the neurovascular unit—that is, astrocytes, endothelial cells, peri-
cytes, fibroblasts and SMCs—are (severely) affected in FTD-GRN 
brain tissues, especially in affected frontal and temporal cortices, 
suggesting that a compromised BBB may be central to FTD-GRN 
pathophysiology. In addition, we identified WDR49-expressing 
astrocytes as a novel neuropathological hallmark of FTD-GRN.

Discussion
To our knowledge, this is the first study extensively characterizing 
microglia, astrocytes and the neurovasculature in FTD-GRN at 
the single-cell level. Our data indicate that astrocytes and neuro-
vascular cells are severely affected, and their dysfunction may be 
an early feature in FTD-GRN pathology. Additionally, we intro-
duce WDR49pos astrocytes as a novel neuropathological hallmark 
of FTD-GRN.

The role of Grn has extensively been studied in mutant 
mice14,32,33,56, showing microglia and astrocyte activation in homozy-
gous Grn−/− mice but not in heterozygous Grn+/− mice33. In humans, 
heterozygous GRN+/− mutations cause FTD-GRN, which presents 
during middle-age adulthood, whereas homozygous GRN−/− muta-
tions cause neuronal ceroid lipofuscinosis (NCL), a severe pediat-
ric disease characterized by early-onset lipofuscin accumulation in 
the brain57. Transcriptomic analysis of microglia from homozygous 
Grn−/− mouse thalami showed gene expression changes in aged 
mice, and in vitro assays indicated that Grn−/− microglia are involved 
in pathological TDP-43 accumulation via activation of the comple-
ment system32. To date, heterozygous Grn+/− mice have not been 
transcriptionally characterized. In our human FTD-GRN study, we 
did not detect pronounced microglia nor complement activation, 
indicating that GRN haploinsufficiency due to heterozygous muta-
tions is not sufficient to trigger severe microglial activation during 
adulthood. In our transcriptional analysis of FTD-GRN, the main 
disease-associated changes occurred in neurovascular cells, includ-
ing astrocytes, endothelial cells and pericytes. In young Grn−/− 
mice, before microgliosis and neurodegeneration, these cell types 
were similarly affected, suggesting that these changes are causal for 
FTD-GRN-associated neurodegeneration. Recently, it was shown 
that alterations in fibroblast activity precede neurodegeneration and 
microgliosis in amyotrophic lateral sclerosis (ALS)58, complement-
ing our neurovascular findings in FTD because these two diseases 
form a broad neurodegenerative continuum and have significant 
genetic overlap59. This indicates that dysfunction of the neurovas-
culature, rather than microgliosis, may be underlying neurodegen-
eration of the entire ALS-FTD spectrum of diseases.

Before GRN mutations were identified, in 2006, as the cause of 
familial FTD linked to chromosome 17q21, PGRN was known as a 
growth factor implicated in wound healing and development4,5,7,60. 
Loss of these important functions may lead to the neurovascular 
aberrations reported here. In the healthy CNS, PGRN expression is 
increased under hypoxic conditions, regulates vascular permeabil-
ity and attenuates hypoxia-induced inflammatory responses and 
apoptosis in epithelial cells61–63. The observed reduction of VEGF 
signaling from both endothelial cells and pericytes in FTD-GRN 
brains may reflect the loss of one of the functions of PGRN: the 
induction of the pro-angiogenic factor VEGF. This can explain the 
observed loss of VEGF signaling in both endothelial cells and peri-
cytes in FTD-GRN63,64. VEGF signaling is important for mainte-
nance of BBB functions and communication with pericytes, and loss 
of VEGF signaling results in vascular leakage and destabilization 
of the vascular wall50. In FTD-GRN brains, we observed increased 
vascularization, which may be resulting from VEGF-independent 
compensatory mechanisms as described in tumours65. Gene expres-
sion of key VEGF-independent angiogenic factors (FGF1, FGF2 
and interleukin signaling) was enriched in neurovascular cells in 
FTD-GRN brains in our dataset65. Moreover, fibroblast and pericyte 
pleiotrophin (PTN) signaling was enriched in FTD-GRN (Extended 
Data Fig. 4d). PTN signaling is associated with tumour angiogen-
esis and has mitogenic properties for fibroblasts66,67. Recently, it was 
shown that fibroblasts form scars in EAE mice, a model with severe 
BBB dysfunction, after injury and immune cell infiltration and that 
these cells originate from a proliferating fibroblast pool68. Fibrotic 
scarring could prevent tissue repair and regeneration or restrict 
immune cell trafficking across the BBB, as an attempt to attenuate 
the detrimental effects of potential BBB leakage in FTD-GRN.

The presence of increased vasculature, fibrosis, neovascu-
lar structures and vessel hypertrophy may indicate an underlying 
dysfunction of the vasculature as well as a concomitant response 
to perturbed vascular function by fibrotic scarring, resulting in the 
formation of new vessels. This is in line with the findings of both 
inflammatory and developmental endothelial cell subclusters in an 
enrichment of fibroblasts in FTD-GRN.

Nature Neuroscience | VOL 25 | August 2022 | 1034–1048 | www.nature.com/natureneuroscience 1045

http://www.nature.com/natureneuroscience


ARTICLES NATURE NEUROSCIEnCE

Expression of placental growth factor (PlGF), an antagonist of 
VEGF-dependent angiogenesis, is increased in the CSF of patients 
with FTD69,70. PlGF is upregulated in response to hypoxia, is asso-
ciated with pathological angiogenesis and stimulates proliferation 
and recruitment of SMCs and fibroblasts—cell types that were 

enriched in FTD-GRN brains71,72. Furthermore, PlGF induces pro-
liferation and differentiation of mesenchymal progenitors73. This 
pathway may have led to the enrichment of mesenchymal nuclei, 
which was almost exclusively detected in FTD-GRN samples73. 
VEGF-dependent angiogenesis may be impaired in FTD-GRN due 
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to loss of PGRN function and leading to pathological angiogenesis 
modulated by, for example, PlGF, a feature also seen in other demen-
tias with vascular pathology, such as cerebral amyloid angiopathy74.

Major gene expression changes in FTD-GRN astrocytes were 
validated by IHC for well-known astrocytic proteins GFAP and 
AQP4 and WDR49, a novel marker. WDR49 is an understudied 
protein with unknown functions. Here we present the remarkable 
finding that reactive astrocytes in FTD-GRN brain tissues express 
WDR49 and that these cells form clusters that are unevenly dis-
tributed throughout the GM. Interestingly, these circular clusters 
were always of similar size (±200 μm in diameter), suggesting other 
underlying neuropathological processes. We propose that WDR49 
can be used as a novel marker for reactive FTD-GRN astrocytes. 
Future studies investigating whether specific astrocytic and neuro-
vascular proteins change in CSF may identify disease biomarkers for 
FTD-GRN. Based on these findings, we propose that the detected 
astrocytic and neurovascular changes are an essential feature of 
FTD-GRN pathophysiology and should be considered as a novel 
and prime target for therapeutic interventions in FTD-GRN.
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Methods
Human brain tissue. Netherlands cohort. Brain autopsy was carried out according 
to the Legal and Ethical Code of Conduct of the Netherlands Brain Bank (NBB). 
In most cases (all FTD-GRN donors and one control), the right hemisphere was 
sampled and used for diagnostics, and the left hemisphere was frozen, according 
to standardized procedures. This differed in two control donors: one control 
had left hemisphere sampling for diagnostics, whereas the right hemisphere was 
frozen; another control had unknown hemisphere sampling (Supplementary 
Table 1). Tissue collected at autopsy was fixed in formalin solution for 4 weeks and 
paraffin embedded. A pathological diagnosis was established by an experienced 
neuropathologist using routine stainings and disease-specific IHC. Paraffin 
sections from FTD-GRN donors was stained for disease-related proteins (tau, 
TDP-43, amyloid-β and α-synuclein) according to a specific dementia protocol. 
After quality control based on RIN value measurement after RNA isolation, 42 
fresh-frozen brain samples of 20 donors were included in the experiment. Of each 
donor, three brain regions were included: cortical GM tissue of the frontal cortex, 
occipital cortex and temporal cortex. All FTD-GRN donors carried a heterozygous 
mutation in GRN. Occipital cortex from three age-matched CTR donors from our 
previous study by Gerrits et al.16 were included to sex balance the CTR group.

France cohort. From the NeuroCEB brain bank in Paris, brain tissue of the frontal 
cortex of five FTD-GRN donors was obtained and used for snRNA-seq. The 
brain donation program is supported by patient associations, and autopsies are 
performed in accordance with the current French regulation. Brain sampling was 
described in previous works75,76. In brief, the brain was cut in the sagittal plane 
immediately after removal. The right or left hemiencephalon was sampled for 
cryopreservation at −80 °C. The other hemiencephalon was immersed for a month 
in 4% formaldehyde before sampling for neuropathology diagnosis before transfer 
of frozen samples.

Nuclei isolation. Nuclei were isolated as in our previous studies by Gerrits et al.16,77, 
and the experimental design was balanced by processing two donors (one CTR 
and one FTD-GRN) per day, thus with all regions of the same donor in the same 
batch. Samples were kept on ice throughout the isolation and staining procedure. 
In brief, from each tissue block, 10–15 cryostat sections of 40 µm were cut, 
collected and lysed in a sucrose lysis buffer (10 mM Tris-HCL (pH 8.0), 320 mM 
sucrose, 5 mM CaCl2, 3 μM Mg(Ac)2, 0.1 mM EDTA, 1 mM dithiothreitol (DTT) 
and 0.1% Triton X-100). The lysates were filtered through a 70-µm cell strainer. 
Nuclei were purified by ultracentrifugation (107,000g for 1.5 hours at 4 °C) through 
a dense sucrose buffer (10 mM Tris-HCL (pH 8.0), 1.8 M sucrose, 3 μM Mg(Ac)2, 
0.1 mM EDTA and 1 mM DTT). The supernatant was removed, and the pellet was 
resuspended in 2% BSA/PBS containing RNase inhibitor (0.35 U μl−1) (Thermo 
Fisher Scientific). The nuclei were incubated with fluorescently conjugated 
antibodies directed against the neuronal marker NEUN (RBFOX3/NeuN (1B7) 
AF647 mouse mAB, Novus Biologicals, NBP1-92693AF647) and the transcription 
factor OLIG2 for the oligodendrocyte lineage (anti-olig2 clone 211F1.1 AF488 
mouse mAb, Merck Millipore, MABN50A4). After washing, the nuclear stain 
DAPI was added, and the nuclei were sorted on a MoFlo Astrios. We collected 
DAPIposNEUNnegOLIG2neg nuclei for snRNA-seq and DAPIposNEUNposOLIG2neg and 
DAPIposNEUNnegOLIG2pos for bulk RNA-seq (Extended Data Fig. 1a). FANS plots 
were generated with Kaluza Analysis Software (version 2.1). An overview of which 
samples were included in which experiment is provided in Supplementary Table 1.

Bulk RNA-seq library construction and sequencing. RNA was isolated from 
sorted nuclei with the Arcturus PicoPure RNA Isolation Kit from Thermo Fisher 
Scientific. RNA concentrations were measured on a Qubit HS RNA Assay Kit. The 
RNA input for the sequencing library preparation with the Lexogen QuantSeq 
3′ mRNA-Seq Library Prep Kit (FWD) from Illumina was 3 ng for the OLIG2pos 
population and 8 ng for the NEUNpos population. All libraries were pooled 
equimolar and sequenced on a NextSeq 500 at the Research Sequencing Facility of 
the University Medical Center Groningen.

snRNA-seq library construction and sequencing. The single-nucleus cDNA 
libraries were constructed using the Chromium Single Cell 3′ Reagents Kit version 
3 or version 3.1 and corresponding user guide (10x Genomics). All samples were 
pooled in equimolar ratios and sequenced on a NextSeq 500 (version 2.5) at 
GenomeScan B.V. and the Research Sequencing Facility of the University Medical 
Center Groningen.

IHC and chemical staining. Formalin-fixed, paraffin-embedded tissue from the 
contralateral hemisphere was obtained from the NBB and cut into 6-µm-thick 
sections. After deparaffination and rehydration, heat-induced antigen retrieval was 
performed in 0.01 M sodium citrate for 20 minutes in an autoclave. Subsequently, 
endogenous peroxidase was blocked with 0.6% H2O2 and 0.125% sodiumazide 
in PBS, washed with PBS and incubated overnight at 4 °C with primary antibody 
in PBS with 0.5% Protifar (Nutricia) and 0.15% glycine. Information about used 
antibodies is provided in Supplementary Table 6. Tissue sections were then 
incubated with peroxidase-conjugated secondary antibody (swine anti-rabbit 
immunoglobulins/HRP P0217, Dako, for GFAP; VECTASTAIN Elite ABC-HRP 

Kit peroxidase (mouse IgG) PK-6102 for NeuN immunostain; and BrightVision 
poly-HRP-anti-mouse/rabbit IgG biotin-free VWRKDPVO55HRP, ImmunoLogic, 
for all other antibodies) for 1 hour at room temperature. After washing with PBS, 
tissue sections were incubated with DAB Enhanced Liquid System tetrachloride 
(D3939, Sigma-Aldrich) for 2–15 minutes depending on the primary antibody. 
For NeuN immunostain, the signal was amplified using avidin–biotin complexes 
(VECTASTAIN Elite ABC-HRP Kit). Finally, tissue sections were counterstained 
with hematoxylin and mounted with Entellan.

Nissl: Paraffin-embedded sections of 6 µm were deparaffinized in baths of 
xylene and rehydrated in a series of ethanol and distilled water. The sections were 
stained in filtered Cresyl violet solution (PS102-01) for 12 minutes and shortly 
rinsed in water. Staining intensity was decreased by placing the sections in 95% 
ethanol with 0.1% acetic acid for 30 seconds. Then, the sections were dehydrated 
and cover slipped. Nissl-stained sections were evaluated blinded to study group, 
with ordinal ratings of neuronal loss (0 = normal; 1 = mild; 2 = moderate;  
3 = severe) (FTD-GRN versus CTR).

IF. For IF double labeling depicted in Figs. 2i and 5h, paraffin sections were 
deparaffinized, and heat-induced epitope retrieval was performed using 10 mM 
sodium citrate and 0.05% Tween 20, pH 6.0, for 10 minutes. Autofluorescence was 
blocked with a 5-minute incubation in filtered 0.3% Sudan Black (Sigma-Aldrich, 
S0395) in 70% ethanol, followed by a short rinse in 70% ethanol. Tissue was 
blocked in 2% normal donkey serum (JacksonImmunoResearch, 017-000-121) 
and 2% BSA for 1 hour at room temperature. Used antibodies (Supplementary 
Table 6) were diluted in in PBS with 1% normal donkey serum and incubated 
overnight at 4 °C. The CLDN5 and WDR49 signal was enhanced by using 
biotinylated secondary antibodies anti-mouse biotin (Vector Laboratories, 
BA-2001) or anti-rabbit biotin (JacksonImmunoResearch, 711-065-152), 
respectively, both used in a dilution of 1:400 for 60 minutes. After washing with 
PBS, the sections were incubated for 1 hour with a mixture of streptavidin Alexa 
Fluor 488 (Thermo Fisher Scientific, S11223) or streptavidin Alexa Fluor 594 
(JacksonImmunoResearch 016-580-084), in combination with donkey anti-rabbit 
Alexa Fluor 594 (Thermo Fisher Scientific, A21207) or donkey anti-mouse Alexa 
Fluor 488 (Thermo Fisher Scientific, A21202), all diluted 1:300 in PBS with 
Hoechst 33342 (final concentration, 15 µM). Sections were washed with PBS and 
demineralized water, mounted with Mowiol and imaged on a Leica TCS SP8 X 
confocal system.

The immunofluorescent staining depicted in Fig. 7h and Extended Data 
Fig. 6g was performed using multiplexed IHC. Sections of 6-µm thickness 
from formalin-fixed, paraffin-embedded tissue were cut with a microtome 
and mounted on SuperFrost Plus slides. Sections were deparaffinized in xylene 
and rehydrated with a series of graded ethanol (100%, 90%, 80% and 70% for 
2 minutes). Antigen retrieval was performed in citrate buffer, pH 6.0, at 95 °C for 
30 minutes in a water bath. Endogenous peroxidases were blocked using 0.3% 
H2O2 in PBS for 15 minutes. Slides were blocked using 1% BSA in PBS with 0.05% 
Tween 20 for 30 minutes. Sections were then incubated with a single unconjugated 
primary antibody (Supplementary Table 6) in 10× diluted blocking buffer for 
either 60 minutes at room temperature or 24 hours at 4 °C. Slides were washed 
in PBS-Tween 20 and incubated with HRP-labeled secondary antibodies (Dako, 
K4061) for 30 minutes at room temperature. Sections were then incubated with 
the respective Opal fluorochrome (Opal 480, Opal 540, Opal 620, Opal 690 and 
Opal 780) at a 1:250 dilution made in tyramide signal amplification reagent 
(Akoya Biosciences, FP1498) for 60 minutes. Slides were washed in PBS-Tween 
20 and followed by antibody stripping in citrate buffer, pH 6.0, at 98 °C for 
30 minutes. Afterwards, the tissue was stained by repeating staining cycles in series 
as described above with an antibody removal step in each cycle. Finally, slides 
were counterstained with DAPI (Invitrogen, D1306) for 5 minutes and mounted 
with Prolong Gold (Invitrogen, P36930). Slides were imaged using the Vectra 3.0 
spectral imaging system (PerkinElmer), with a low-magnification scanning at ×10 
to get an overview of the slide. Next, a minimum of two regions of interest (ROIs) 
across the fields were chosen and scanned at ×40 magnification.

RT–qPCR. RNA from total brain tissue was extracted using the RNeasy Lipid 
Tissue Mini Kit (Qiagen, 74804). cDNA was transcribed using a reaction mixture 
containing random hexamers, dNTPs, RevertAid M-MuLV Reverse Transcriptase, 
Ribolock RNase Inhibitor and M-MLV buffer (all Thermo Fisher Scientific). 
The qPCR reaction, using iQ SYBR Green Supermix (Bio-Rad, 170-8882), was 
performed on the ABI7900HT real-time PCR system and was analysed using 
QuantStudio Real-Time Software (both Thermo Fisher Scientific). Relative 
expression levels were calculated using the ΔΔCt method using HPRT1 as 
the housekeeper gene and the CTR-FC group as the reference group. Primer 
information is provided in Supplementary Table 7.

Bulk RNA-seq data analysis. Data pre-processing was performed with the 
Lexogen QuantSeq 2.3.1 FWD unique molecular identifier (UMI) pipeline on the 
BlueBee Genomics Platform (1.10.18). UMI-collapsed BAM files were used as 
input for htseq-count78, and reads mapping to both intronic and exonic regions 
were counted. Count files were loaded into R and analysed with edgeR and/or 
DESeq2 (refs. 79,80). After quality control, one FTD-GRN occipital NEUNpos sample 
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was removed from the dataset (Supplementary Table 1). PCA was performed on 
the VST-transformed counts obtained by DESeq2. In both NEUNpos and OLIG2pos 
datasets, the samples clearly segregated in the PCA plot by their sex. Hence, first 
we performed a differential gene expression analysis between males and females 
(independent of diagnosis but with region as a latent variable: ~0 + gender + 
region), which resulted in 17 sex-associated DEGs. One of these DEGs was the 
X-inactivation gene XIST, which is very abundant in females; the other 16 DEGs 
were located on the Y-chromosome; thus, we removed these 17 genes from the 
dataset, and then we did not see sex variation anymore in the PCA (USP9Y, 
KDM5D, TTTY15, TTTY14, DDX3Y, ZFY, NLGN4Y, UTY, TTTY10, TXLNGY, 
RPS4Y1, ANOS2P, GYG2P1, PRKY, EIF1AY and PCDH11Y). logCPMs were 
calculated with edgeR. Deconvolution analyses were performed on logCPMs with 
CIBERSORTx with default settings and using normalized average expression 
per cell (sub)type of snRNA-seq data as a reference matrix81. Differential gene 
expression analysis was performed on paired frontal and occipital cortex samples 
from four CTR and four FTD-GRN donors. DEGs were identified using the 
genewise negative binomial generalized linear model and likelihood ratio test 
implemented in edgeR with the following design: ~diagnosis + diagnosis:donor.n 
+ diagnosis:region. DEGs were selected with abs(log fold change) > 1 and adjusted 
P < 0.05 using the Benjamini–Hochberg method. Gene Ontology analysis was 
performed with Metascape82. For PCA of OLIG2pos nuclei, ComBat-seq was used  
to correct for the deconvoluted fraction of OPCs in each sample, which initially 
was the driving factor in the PCA83. Visualizations were made with the CRAN 
package ‘ggplot2’.

snRNA-seq data analysis. Raw reads were processed using Cell Ranger 3.0.0 with 
default settings and the pre-mRNA package and aligned to the human GRCh38 
genome. From the BAM file, exonic reads and intronic reads mapping in the same 
direction as the mRNA were counted per barcode with Abacus to distinguish 
barcodes containing nuclear RNA from ambient and cytoplasmic RNA84. The 
following thresholds were used: (1) >100 exonic reads; (2) >250 intronic reads; 
and (3) intronic reads > exonic reads. The counts corresponding to these barcodes 
were extracted from the raw count matrix generated by Cell Ranger and loaded in 
R with Seurat (3.0.3). All analysis steps were performed with default settings unless 
otherwise mentioned. Nuclei with a mitochondrial content >5% were removed 
from the dataset. Count matrices of the three brain regions per donor were merged 
into one file per donor. The data were normalized for library size by a scale factor 
of 10,000 and log-transformed using the ‘NormalizeData’ function from Seurat. 
To identify and remove doublets. we ran Scrublet85. Highly variable features were 
determined using the function ‘FindVariableFeatures’ from Seurat. The datasets 
from the different donors were anchored and integrated using reciprocal PCA86. 
First, the ‘SelectIntegrationFeatures’ function was run, followed by ‘ScaleData’ 
and ‘RunPCA’ for each of the datasets (that is, donors). Then, anchors were 
computed using ‘FindIntegrationAnchors’ with 4,000 features and 30 dimensions 
and reduction = ‘rpca’. Then, datasets were integrated using ‘IntegrateData’ with 
30 dimensions. The data were scaled using the ‘ScaleData’ function of Seurat 
and heterogeneity associated with number of UMIs, and mitochondrial content 
was regressed out and the data were clustered using the graph-based clustering 
approach using the ‘FindClusters’ function of Seurat. Resolution for the first round 
of clustering was set at 0.1, as we purely wanted to capture the largest variation 
in the dataset (that is, cell types) at this stage of the analysis. Expression profiles 
per cell type were calculated with the ‘AverageExpression’ function of Seurat on 
the normalized counts and used as input for deconvolution of bulk RNA-seq data 
(described above).

For subclustering, each cell type was extracted from the dataset and 
re-integrated to identify highly variable features and PCs that are more specific 
to the internal structure within a cell type rather than these being based on the 
large differences between cell types. This re-integration was performed using CCA 
instead of rPCA, which is more precise but also more time-consuming. Functions 
used for this step were ‘FindIntegrationAnchors’ (with reduction = ‘cca’) and 
‘IntegrateData’ from Seurat. Then, we ran ‘ScaleData’, ‘RunPCA’, ‘FindNeighbors’, 
‘RunUMAP’ and ‘FindClusters’. To determine the optimal cluster resolution for 
subclustering, we first clustered the data on a range of resolutions (from 0.1 to 2 
with steps of 0.1). Then, we plotted the number of obtained clusters versus the 
resolution and chose a resolution where there was a plateau in the graph—that is, 
the number of obtained clusters remained constant across multiple resolutions. 
Usually these gave similar subclustering results and biological interpretations, and 
we finally set the final resolution so that we did not obtain clusters without cluster 
marker genes.

Differential gene expression analyses between (sub)clusters were performed 
with logistic regressions with donor as a latent variable on the unintegrated 
normalized counts, using the ‘FindAllMarkers’ function in Seurat with the 
following settings: assay = ‘rna’, latent.vars = ‘donor’, test.use = ‘LR’, min.pct = 0.05. 
This was the same for each cell type/subclustering.

Gene set module scores were calculated with the ‘AddModuleScore’ function 
in Seurat. Trajectory analysis on the endothelial cell nuclei was performed using 
Monocle3 (ref. 87), similarly as described for the AD1 microglia trajectory in 
Gerrits et al.16 on endothelial cell zonation genes from Supplementary Table 1  
from Vanlandewijck et al.23.

Statistical testing on (sub)cluster distributions was performed in R using  
two tests: (1) chi-squared test between average cluster distributions per group  
to investigate whether the overall distribution of nuclei was altered; and  
(2) generalized linear model with a quasi-binomial distribution followed by 
correction for multiple testing using false discovery rate (FDR) to investigate 
whether abundance of (sub)clusters was statistically different between groups. 
Comparisons were made between FTD-GRN and CTR groups for each brain 
region individually.

Visualizations were made with the CRAN packages ‘ggplot2’ and ‘gplots’. To 
identify possible cell–cell communication, CellChat26 was run on four CTR and six 
FTD-GRN donors according to the tutorial called ‘Comparison analysis of multiple 
datasets’ on their GitHub page. We ran CellChat on a subset of donors because, 
from some donors, we did not have frontal cortex data, or only few nuclei were 
obtained. Gene Ontology enrichment analyses were performed with the R package 
‘ClusterProfiler’ and/or Metascape. Raw FASTQ files from the snRNA-seq dataset 
from Zhang et al.32 were downloaded and analysed using the same pipeline as used 
for the human data, with the exception of the data anchoring/integration steps. 
Immune cell and vasculature clusters were subclustered because these were mixes 
of several distinct cell types in the original paper (Extended Data Fig. 9b,c).

Analysis of IHC. Digital analysis of pathology in IHC stainings. Immunostained 
tissue sections were scanned using a Hamamatsu NanoZoomer 2.0-HT digital slide 
scanner. Digital IHC analysis was performed according to validated methods88,89 
using the open-source software QuPath version 0.2.3 (ref. 90). We obtained ROIs 
in cortical GM as described in previously published methods88,91,92. In brief, we 
used a vertical transect method to identify the longest parallel-oriented cortical 
ribbon and, thus, reduced bias from over-representation or under-representation 
of cortical lamina. We applied user-independent random sampling to obtain a 
representative sample (30% of the total area) in an unbiased manner. Here, we 
measured the percentage of total area occupied by chromogen stain. To account 
for potential differences in staining intensity between staining batches, detection 
algorithms for chromogen and counterstain (hematoxylin) were generated in each 
staining batch by applying the ‘Estimate stain vectors’ tool on five random digital 
images and obtaining the average. The ‘Pixel classifier’ tool was used to quantify 
the percentage of total pixels meeting the threshold for positive signal. A pixel 
classifier for each staining batch was created using the ‘Create thresholder’ with 
the following parameters: resolution = full and Gaussian smoothing (sigma) = 0.2; 
optical density was adjusted based on visual inspection to optimize positive stain 
detection (range, 0.25–0.35). Finally, the classifier was applied to all images stained 
in the same batch, and the percentage of positive stain in each ROI was estimated. 
Additionally, we measured cortical thickness as the mean distance between the pia 
mater and the GM–WM junction in the same portion of cortical ribbon used for 
pixel quantification. Statistical analysis between CTR and FTD-GRN samples for 
each brain region was performed with unpaired two-sample Wilcoxon test in R.

Automatized CLDN5 and laminin fragment count in IHC. For CLDN5 and laminin 
staining, three representative GM images per sample were obtained with a ×5 
magnification. An automatized pipeline was coded using ImageJ version 2.0.0, 
which performed the following steps for each image. The nuclear stain and DAB 
were deconvoluted using the ‘H & DAB’ method. The DAB images were converted 
to an 8-bit image and thresholded with default settings. In each image, two fields of 
1 mm2 were selected and analysed (that is, in total, six fields of 1 mm2 per sample). 
The resulting binary frames were analysed with the ‘Analyse Particles’ function in 
ImageJ to get the number of fragments per mm2 and size per fragment. Fragments 
with a size <5 pixels were not included as these may represent background 
staining. The data were then loaded in R and visualized with ‘ggplot2’. Statistical 
analysis between CTR and FTD-GRN samples for each brain region was performed 
with unpaired two-sample Wilcoxon test in R on the average fragment counts of six 
measurements per sample.

Manual cell count in IHC stainings. The number of cells in IBA1, GFAP and CD3 
IHC were counted manually using the ‘Cell Counter’ plugin in ImageJ, and this 
was done independently by two of the authors who were blinded for each other’s 
results. Both analyses yielded similar outcomes. Statistical analysis between CTR 
and FTD-GRN samples for each brain region was performed with unpaired 
two-sample Wilcoxon test in R on the average fragment counts of multiple 
measurements per sample.

Analysis of IF stainings. FN/CLDN5 immunofluorescent staining was analysed 
with ImageJ. FN/CLDN5 co-staining was converted to a gray-scale image and 
thresholded. A vessel mask was set based on both FN and CLDN5, and the fraction 
of FNpos and CLDN5pos pixels within the mask was calculated.

UEA-1/laminin/PDGFRB/AQP4 multiplexed IHC was analysed by spectral 
unmixing; auto fluorescence removal was performed using InForm advanced 
image analysis software (PerkinElmer); and image segmentation was done in 
Nis Elements (Nikon). In short, a vessel mask was made from the combined 
signal of UEA-1 and laminin. Pericyte coverage was calculated as a percentage of 
PDGFRBpos surface area covering the UEA-1/laminin mask per field. The astrocyte 
endfeet coverage was determined by dividing the AQP4/UEA-1/Lamininpos mask 
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over the total UEA-1/Lamininpos vessel mask. Nuclei detection was based on DAPI 
signal. Statistical analysis between CTR and FTD-GRN samples for each brain 
region was performed with unpaired two-sample Wilcoxon test in R on the average 
fragment counts of multiple measurements per sample.

Data from literature. Endothelial, pericyte, SMC and fibroblast gene sets used in 
Extended Data Fig. 3a were derived from Vanlandewijck et al.23. The gene set used in 
Fig. 4g was derived from 19-month-old Grn−/− mouse microglia from Zhang et al.32. 
Supplementary Table 3c was downloaded, and genes with a log fold change > 0.25 
and P < 0.05 were converted into human homologs. For BBB dysfunction gene 
sets used in Fig. 6f, Supplementary File 3 was downloaded from ref. 47, and genes 
with a log fold change > 2 and P < 0.05 in the disease models compared to their 
control groups were converted to human homologs. For endothelial cell and mural 
cell zonation gene sets from Vanlandewijck et al.23, Supplementary Tables 1 and 
4 were downloaded, and, for each subtype, genes that were significantly enriched 
with a log fold change > 1 compared to all other subtypes were used for module 
scoring. For Fig. 2e, a filtered count matrix from the Spatial transcriptomics dataset 
from 10x Genomics was downloaded from on https://support.10xgenomics.com/
spatial-gene-expression/datasets/1.1.0/V1_Human_Brain_Section_1 November 3rd 
2020. The data were loaded into R using Seurat, and counts were SCTransformed 
using default settings. In situ hybridization data from the Allen Brain Atlas were 
investigated on https://human.brain-map.org/ish.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data generated in this study are available through the Gene Expression Omnibus 
at https://www.ncbi.nlm.nih.gov/geo with accession number GSE163122. Spatial 
transcriptomics data were derived from 10x Genomics (https://support.10xgenomics.
com/spatial-gene-expression/datasets/1.1.0/V1_Human_Brain_Section_1). 
snRNA-seq data from Grn−/− mouse thalami from Zhang et al.32 were downloaded 
from the Sequence Read Archive under accession number PRJNA507872.
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Extended Data Fig. 1 | FANS sorting strategy and tissue validation. (a) Fluorescent activated nuclear sorting (FANS). The DAPIpos nuclei population is 
segregated into three groups and these populations were collected separately: NEUNposOLIG2neg (neurons), NEUNnegOLIG2pos (oligodendrocyte lineage), 
NEUNnegOLIG2neg (other CNS cells). (b) Representative images of TDP43 IHC across the cortex. Scale bar is 250 μm. (c) Quantification of neuronal loss 
in Nissl staining per sample. Lines depict mean per group. Circles depict individual samples. Statistical analysis between CTR and FTD-GRN samples for 
each brain region was performed with unpaired two-samples Wilcoxon test. *:p < 0.05; **: p < 0.01; ***:p < 0.001. CTR = Control; FTD = Frontotemporal 
Dementia; FC = Frontal Cortex; TC = Temporal Cortex; OC = Occipital Cortex.
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Extended Data Fig. 2 | Bulk RNAseq neurons, OPCs/oligodendrocytes. (a) Volcano plots depicting logFC (x-axis) versus -log(FDR) (x-axis) values per 
gene for OC versus FC in CTR and FTD-GRN separately. DEGs are defined as p < 0.05 and abs(logFC) > 1. The number of DEGs is indicated in the plot. (b) 
Fourway plot depicting log fold changes of FC versus OC in CTR (x-axis) and in FTD-GRN (y-axis). Green circles are DEGs between FC and OC in both CTR 
and FTD-GRN (region-associated DEGs). Purple circles are DEGs exclusively enriched in FTD-GRN-FC (enriched disease-associated). Yellow circles are 
DEGs exclusively depleted in FTD-GRN-FC (depleted disease-associated). (c) Principal component analysis of OLIG2pos bulk RNAseq. Colors depict brain 
regions, filled-circles are from CTR and open-circles are from FTD-GRN. (d) Barplot depicting imputed fractions of cell types in OLIG2pos nuclei samples. 
(e) Same PCA plot as in c), color scale depicts imputed OPC fraction in deconvolution analysis. (f) Fourway plot depicting log fold changes of FC versus OC 
in CTR (x-axis) and in FTD-GRN (y-axis). Green circles are DEGs between FC and OC in both CTR and FTD-GRN (region-associated DEGs). Purple circles 
are DEGs exclusively enriched in FTD-GRN-FC (enriched disease-associated). Yellow circles are DEGs exclusively depleted in FTD-GRN-FC (depleted 
disease-associated). (g) Barplot depicting imputed fractions of cell types in NEUNpos samples. OPC = Oligodendrocyte Progenitor Cell; FC = Frontal Cortex; 
TC = Temporal Cortex; OC = Occipital Cortex; CTR = Control; FTD = Frontotemporal Dementia. GM = Grey Matter; WM = White Matter; L1 = Layer 1; CAMs 
= CNS-associated Macrophages; SMCs = Smooth Muscle Cells. PC = Principal Component. DEG = Differentially Expressed Gene.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Vascular cell type identification and validation. (a) UMAPs and violin plots depicting module scores of cell type specific mouse 
gene sets from Vanlandewijck et al. (b) Dot plots per group depicting RT-qPCR results from COL1A1 (fibroblasts) and PHLDB2 (mesenchymal) on total 
brain tissue,. Lines indicates mean per group. Circles depict individual tissue samples. CTR and FTD-GRN samples for each brain region was analyzed 
with an unpaired two-samples Wilcoxon test (c) Dot plot depicting top 10 most significantly enriched GO terms on marker genes of each cell type. (d) 
Heatmap depicting top 15 most enriched genes per cell type. Colors indicate scaled gene expression levels. FC = Frontal Cortex; TC = Temporal Cortex; 
OC = Occipital Cortex, SMC = Smooth Muscle Cell; GO = Gene Ontology; CTR = Control; FTD = Frontotemporal Dementia *: p < 0.05; **: p < 0.01; ***: 
p < 0.001.
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Extended Data Fig. 4 | Hierarchy plots depicting selected differential signaling pathways between CTR and FTD-GRN frontal cortex. (a-d) Hierarchy 
plot depicting TENASCIN (a), NRXN (b), COMPLEMENT (c) and PTN (d) signaling network pathways across all cell types for each group. Circle sizes are 
proportional to the number of cells in each group. Edge width is proportional to communication probability.
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Extended Data Fig. 5 | No clear increase in microglia numbers and slightly altered morphological changes in situ in FTD-GRN brains and statistical 
analysis of subcluster distributions. (a) Representative images of IBA1 staining in the grey matter of CTR and FTD-GRN samples in FC, TC and OC. 
Scale bar is 100 μm. (b) Quantification of IBA1 staining. Top: Number of microglia per mm2; Bottom: Fraction IBA1-positive pixels. Lines depict mean per 
group. Circles depict individual samples. Statistical analysis between CTR and FTD-GRN samples for each brain region was performed with an unpaired 
two-samples Wilcoxon test. (c) Microglia subcluster distribution per group. (d) Violin plots per sample depicting module scores of a Grn-/- microglia 
enriched geneset from Zhang et al. (2020). Line depicts mean of all CTR samples. (e) GM-Astrocytes subcluster distribution per group. (f) Endothelial 
cells subcluster distribution per group. (g) Pericytes subcluster distribution per group. Statistical analysis was performed with a Chi-squared test on the 
group averages. Abbreviations: CTR = Control; FTD = Frontotemporal Dementia; FC = Frontal Cortex; TC = Temporal Cortex; OC = Occipital Cortex. Chi 
squared test *: p ≤0.05; **: p ≤0.01; ***: p ≤0.001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Gene ontology analysis GM-Astrocytes. (a) Dot plot of top 10 most significantly enriched GO terms of marker genes of each GM-
Astrocyte sub cluster. (b) Representative GFAP images of the FC of a CTR donor and FC and TC of FTD-GRN donor. Scale bar is 50 μm. Dot plot of number 
of GFAPpos cells/0.5 mm2/group. Lines depicts mean/group, circles individual samples. CTR and FTD-GRN samples for each brain region were analyzed 
with an unpaired two-samples Wilcoxon test. (c) Dot plot of % GFAP-positive area per group. Lines depicts mean/group, circles individual samples. 
CTR and FTD-GRN samples for each brain region were analyzed with an unpaired two-samples Wilcoxon test. (d) Representative grey matter images 
for astrocyte marker GFAP. Dashed line shows grey-white matter junction. Scale bar is 250 μm. (e) Correlogram depicting Pearson correlations between 
different IHC measurements. (f) Dot plot depicting ratio of perivascular AQP4 area over vessel area per vessel per group. Lines depict mean per group. 
Circles depict individual samples. Statistical analysis between CTR and FTD-GRN samples for each brain region was performed with an unpaired two-
samples Wilcoxon test. (g) Representative images of multiplexed IHC for proteins DAPI (blue), laminin (red), UAE-1 (ULEX; green) and AQP4 (white). 
Scale bar is 10 μm. CTR = Control; FTD = Frontotemporal Dementia; FC = Frontal Cortex; TC = Temporal Cortex; OC = Occipital Cortex; GM = Grey Matter. 
*: p≤0.05; **: p≤0.01; ***: p≤0.001.
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Extended Data Fig. 7 | WDR49 immunohistochemistry. Representative immunohistochemical images of WDR49 in grey matter tissue of 4 CTR and 13 
FTD donors. Circles depict clusters of WDR49pos cells. Each image is a different donor. Scale bar is 500 μm.
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Extended Data Fig. 8 | Immunofluorescent staining for WDR49 and GFAP. Representative images of fluorescent double labelling of WDR49 and GFAP in 
FTD-GRN frontal cortex. Scale bar is 50 μm in (a) and 10 μm in (b).
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Extended Data Fig. 9 | Trajectory analysis of endothelial cell zonation, and neovascularization and inflammation in FTD-GRN. (a) UMAPs depicting 
module scores for endothelial cell zonation genesets derived from Vanlandewijck et al. (2018) and trajectory analysis on zonation genes. (b) Dot plot 
depicting number of CLDN5pos and LNpos fragments per group per region. Lines indicate mean per group. Circles depict individual samples. Statistical 
analysis between CTR and FTD-GRN samples for each brain region was performed with unpaired two-samples Wilcoxon test. (c) Images of structures 
suggestive for neovascularization and inflammation in CLDN5 staining of FTD-GRN frontal cortex. Scale bar is 100 μm. (d) CLDN5/FN staining of 
raspberry and neovascularization structure in FTD-GRN frontal cortex. Nuclei are depicted in grey, CLDN5 in cyan and FN in magenta. Scale bar is 50 μm. 
(e) Dot plots depicting RT-qPCR result for CD31 on total brain tissue. Lines indicate mean per group. Circles depict individual samples. Statistical analysis 
between CTR and FTD-GRN samples for each brain region was performed with unpaired two-samples Wilcoxon test. Abbreviations: CTR = Control; 
FTD = Frontotemporal Dementia; FC = Frontal Cortex; TC = Temporal Cortex; OC = Occipital Cortex; CLDN5 = Claudin 5; LN = Laminin. *: p ≤0.05;  
**: p ≤0.01; ***: p ≤0.001.
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Extended Data Fig. 10 | Single-nucleus RNA sequencing of nuclei from Grn�/�  mouse thalami. (a) UMAP depicting 175,884 nuclei from 38 thalami from 
both WT and Grn−/− mice across 5 ages. Colors depict cell type clusters resulting from unsupervised (sub)clustering analysis. (b) Correlogram depicting 
correlations of gene expression profiles between cell types. Cell types are ordered by hierarchical clustering depicted on the left side. (c) Dotplot depicting 
representative marker genes for each cell type. Color scale depicts average gene expression level, size of the dots depicts fraction of nuclei expressing 
the gene. (d) Barplots depicting cell type distribution in each group per age. Data points represent individual samples. Bars depict mean, error bars depict 
standard error. Abbreviations: CAMs = CNS-associated Macrophages; SMCs = Smooth Muscle Cells; OPCs = Oligodendrocyte Progenitor Cells.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection no software was used

Data analysis CellRanger (version 3.0.0) software from 10x Genomics was used to preprocess the data (i.e. deduplication, mapping to GRCh38 genome, 
read counting according to the pre-mRNA reference from 10x Genomics). ABACUS, was used to count exonic- and intronic-mapping 
reads separately which were used for barcode filtering. The single-cell analysis R package Seurat (3.0.3.9029) was used for quality 
control, dataset integration, dimensionality reduction, clustering and differential gene expression analyses. Cell-cell interaction analysis 
was performed with CellChat (Jin et al. 2020). Gene ontology analyses were performed with the R package clusterProfiler (v3.12.0) and/ 
or Metascape (Zhou et al. 2019). Visualizations were made with the R packages ggplot2 (3.1.1) and gplots (3.0.1.1). Quantification of 
immunohistochemical staining were performed with ImageJ (2.0.0) and/or QuPath (v0.2.3). Analysis of multiplexed IHC was performed 
with nForm advanced image analysis software (PerkinElmer) and image segmentation was done in Nis Elements (Nikon). FANS data was 
analyzed with Kaluza Analysis Software (v2.1). Inform advanced image software (v2.0) was used for IF quantification.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The data reported in this study are available through Gene Expression Omnibus at https://www.ncbi.nlm.nih.gov/geo with accession number GSE163122.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No power calculations were performed prior to data collection. We included 42 samples from frontal, temporal and occipital cortex of 7 CTR 
and 13 FTD-GRN donors that were age- and sex-matched.

Data exclusions For snRNAseq, barcodes with < 250 intronic reads, <100 exonic reads and less intronic reads than exonic reads were removed from the 
dataset as these contain ambient RNA or cellular RNA. Given the high quality of the dataset, no strict quality control thresholds were used. 
A low number of nuclei with a mitochondrial content > 5% were removed from the analysis.

Replication We validated our findings at the protein level with immunohistochemical stainings on tissue from the contralateral hemisphere of all donors. 
We performed RT-qPCR on total brain tissue RNA from the same tissue block as used for nuclei isolation.

Randomization We isolated nuclei in batches of 6 samples per day, obtained from two donors (i.e. all region's of 1 donor in the same batch). Each day we 
performed nuclei isolation of 1 FTD-GRN and 1 CTR donor to avoid confounding batch effects.

Blinding During sample collection the researchers were blinded for the diagnosis of the donors and degree of pathology.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used FACS: 

NeuN-AF647 (RBFOX3/NeuN 1B7 AF647 mouse mAb, Novus Biologicals, NBP1-92694AF647) 
Olig2-AF488 (Anti-Olig2 clone 211F1.1 AF488 mouse mAb, Merck Millipore, MABN50A4) 
IHC: 
TDP43 (anti-pTDP-43, CAC-TIP-PTD-M01, Cosmo Bio) 
IBA1 (anti-Iba1, 019-19741, Wako) 
GFAP (anti-GFAP, Z0334, Dako) 
GFAP (anti-GFAP, 14-9892-82, eBioscience) 
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Claudin5 (anti-CLDN5, 4C3C2, Thermo Fisher) 
NEUN (anti-NeuN, Mab377, EMD Millipore) 
PDGFRB (anti-PDGFRB, Ab32570, Abcam) 
Laminin (Laminin, NB300-144, Novus Biologicals) 
Aquaporin4 (anti-AQP4, AB3594, Merck Millipore 
ULEX (anti-UEA-1, B-1065, Vector labs) 
WDR49 (anti-WDR49, Human Protein Atlas, HPA036226) 
Fibronectin (anti-fibronectin, AB2033, Merck Millipore)

Validation NeuN: Validated for Flow Cytometry. Validated for Human 
Olig2: Predicted to react with human based on 100% sequence homology 
TDP43: Validated for IHC. Validated for Human. 
3 
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IBA1: Validated for IHC. Validated for Human. 
GFAP: Validated for IHC. Validated for Human. 
CLDN5:Validated for IHC. Validated for Human. 
NEUN: Validated for IHC. Validated for Human. 
PDGFRB: Validated for IHC. Validated for Human. 
Laminin: Validated for IHC. Validated for Human. 
AQP4: Validated for IHC. Validated for Human. 
ULEX: Validated for IHC. 
WDR49 alidated for IHC, Validated for Human 
Fibronectin Validated for IHC, Validated for Human

Human research participants
Policy information about studies involving human research participants

Population characteristics Frozen postmortem brain tissue of 20 human donors. 12 donors were diagnosed with FTD-GRN. 7 donors were clinical 
controls.

Recruitment FTD samples were selected based on GRN-mutation. CTR samples were age- and sex-matched to the FTD-GRN donors. Brain 
tissue was selected and provided by the Netherlands Brain Bank and NeuroCEB Neuropathology network .

Ethics oversight University Medical Center Groningen

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Frozen brain tissue was cryosectioned and 30-40 sections of 40 um per sample were collected in a sucrose lysis buffer 
containing Triton-X100. The suspension was pipetted on top of a dense sucrose layer and 1.5 hours of ultracentrifugation was 
performed. The pelleted nuclei were resuspended in PBS and incubated with anti-NeuN-AF647 and anti-Olig2-AF488 for 45 
minutes and 5 minutes with DAPI.

Instrument MoFlo Astrios (BeckmanCoulter).

Software Flow cytometry data was analyzed with Kaluza Analysis Version 2.1.

Cell population abundance We enriched for microglia nuclei by depleting other abundant CNS cell types. Nuclei were stained with anti-NeuN and anti-
Olig2 antibodies. Of each sample, ~40% of the nuclei were Olig2+, ~40% of the nuclei were NeuN+ and ~10% of the nuclei 
were negative for both markers. The DAPI+NeuN-Olig2- nuclei were loaded on a 10x Genomics Chromium system to perform 
single-nucleus RNA sequencing. Subsequent clustering analysis of the resulting sequencing data showed clear segregation of 
microglia, astrocytes and vasculature subtypes, as discussed in the manuscript.

Gating strategy Nuclei were sorted on a MoFlo Astrios (BeckmanCoulter) us ing a 70 um Nozzle, as shown in Figure S1 of the manuscript. The 
blue (488 nm) laser was used for measuring Forward Scatter (FSC), Side Scatter (SSC), Olig2-AF488 (513/26) and 2 parameters 
to measure autofluorescence (576/21 and 795/21). DAPI (450/50) was excited using a violet (405 nm) laser and NeuN-AF647 
(660/20) was excited by a red (640 nm) laser. First, a threshold was set on SSC and sorting gates were applied on FSC/SSC to 
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remove mainly big aggregates. Then, the FSC Height/SSC Width plot was used to select single nuclei by pulse processing. The 
FSC/DAPI plot was used to remove all other debris from the sample by using DAPI as a DNA stain to select the nuclei. By using 
the 795/70 and 576/21 (auto) fluorescence we could remove even further all high fluorescent nuclei assuming those were 
likely to be aggregates that passed through all previous gates. In the final plot the microglia-enriched nuclei population was 
selected by using NeuN-AF674 and Olig2-AF488 to deplete neurons and oligodendrocytes. The most negative corner of the 
NeuN-Olig2-population was sorted.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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