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            Abstract
Cerebrovascular disease is the third most common cause of death in developed countries, but our understanding of the cells that compose the cerebral vasculature is limited. Here, using vascular single-cell transcriptomics, we provide molecular definitions for the principal types of blood vascular and vessel-associated cells in the adult mouse brain. We uncover the transcriptional basis of the gradual phenotypic change (zonation) along the arteriovenous axis and reveal unexpected cell type differences: a seamless continuum for endothelial cells versus a punctuated continuum for mural cells. We also provide insight into pericyte organotypicity and define a population of perivascular fibroblast-like cells that are present on all vessel types except capillaries. Our work illustrates the power of single-cell transcriptomics to decode the higher organizational principles of a tissue and may provide the initial chapter in a molecular encyclopaedia of the mammalian vasculature.
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                    Figure 1: Procedures and cell clusters.[image: ]


Figure 2: Endothelial zonation.[image: ]


Figure 3: Mural cell zonation.[image: ]


Figure 4: Pericyte organotypicity.[image: ]


Figure 5: Brain fibroblast-like cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cell sorting, clustering and annotation and control for batch effects.
a, Representative FACS plots for cell sorts from the various transgenic reporter lines and C57Bl6 controls. For all sorts, the cells were first roughly selected with a broad gate based on forward scatter (FSC)/side scatter (SSC). This initial gate was then used as parent gate for cell selection based upon the relevant fluorescent signal of the different reporters. No additional gating was included, and the cut-off between positive and negative fluorescent signals was assessed using non-fluorescent C57Bl6 mice. b, BackSPIN analysis of cells obtained from Cldn5-GFP, Pdgfrb-GFP;Cspg4-DsRed and Pdgfra-H2BGFP mice. The BackSPIN algorithm splits the cells stepwise and also assigns genes uniquely to one branch with each split. At split level 1, all endothelial cells were assigned to the right branch, whereas all other cell types were assigned to the left branch. BackSPIN continues to split for as long as it recognizes expression heterogeneity among the genes assigned to that cluster leading to that some clusters continue to split dichotomously, whereas other clusters stop splitting at a certain level. Cluster 0, containing pericytes, stopped splitting at level 2. Any level can be arbitrarily chosen for cluster annotation; we chose level 6, at which 38 clusters had formed. c, The expression of the housekeeping gene Actb across the 38 clusters in b is illustrated as a bar plot, where each bar represents one cell (∼3,500 in total). A gross annotation of the 38 clusters based on cell class-specific marker expression (see Fig. 1 for examples) is depicted below the bar plot. d, Abbreviations for the cell types. e, A reanalysis of cluster 0 from b, c by BackSPIN using all genes generated dichotomous splits over six levels, showing that this cluster had stopped spitting in b because differentially expressed genes had been assigned to other branches. f, In the 64 clusters generated in e, expression of SMC markers, such as Acta2, was found in the right-most clusters. These clusters were subsequently identified as vSMC. g, The same tree as in b, with cluster 0 split in to PC and vSMC at level 7. Some clusters at level 6 appeared similar and were consolidated to a higher node, as indicated by the red boxes. h, The resulting simplified tree, which also shows the final cell type annotation that is used to display the data throughout the paper and at http://betsholtzlab.org/VascularSingleCells/database.html. i, An excerpt from the database illustrates the expression of Actb across the cell types. Cluster 1 at level 6 in b, g contained four cells displaying astrocyte markers; this cluster was considered too small and was removed from the dataset. Astrocytes were instead obtained from Tagln-Cre;R26-stop-tdTomato mice and added to the dataset for comparison. j, The position of the major cell classes in a t-SNE diagram, as annotated using marker expression. k, Representative marker distribution for the cell classes in t-SNE diagrams. l, m, Control for batch effects. Neither t-SNE nor SPIN showed any clustering bias related to mouse individual or experimental repetitions. l, The distribution of 1,385 mural cells colour-coded for their mouse origin in t-SNE (top) and SPIN diagrams (bottom: an arbitrarily chosen pan-mural cell marker Myl9 is shown). m, The distribution of 1,100 endothelial cells in t-SNE (top) and SPIN (bottom: the zonated endothelial-specific transcript Mfsd2a is shown).


Extended Data Figure 2 Average expression and cell sub-types.
a, Average level of expression in the different cell types of the markers shown in Fig. 1b. A key to the cell type abbreviations is provided in Extended Data Fig. 1. Diagrams of the same type for all genes are available at http://betsholtzlab.org/VascularSingleCells/database.html. b, Microglial subtypes. The microglial markers Cx3cr1 and Mrc1 both mark the microglial (MG) cluster, as shown in the bar-plot diagrams (left) and in the average diagram (middle). Right: insets show magnified views of bar-plots indicated by black arrows. Of the 14 microglial cells present in the MG cluster, the eight left-most cells express Cx3cr1 but not Mrc1, whereas the six right-most cells show the reverse pattern. Since Cx3cr1 is a marker for interstitial microglia and Mrc1 is a marker for perivascular microglia and macrophages, this pattern suggests that both these subtypes of microglia are present in the MG cluster, and that they are separated by SPIN to opposite ends of the cluster. c, Oligodendrocyte (OL) subtypes. The marker for differentiating oligodendrocytes Opalin is expressed in the 150 right-most out of the 155 cells in the OL cluster, whereas the oligodendrocyte precursor cell (OPC) marker Pdgfra is expressed only in the five left-most cells (note that Pdgfra is also highly expressed in the FB1 and FB2 clusters). Since the OLs were sorted from an initial preparation of brain vascular fragments (in turn isolated using anti-PECAM1 coated magnetic beads) from Pdgfra-H2BGFP mice, the Opalin-positive cells appear physically associated with blood vessels. As for the microglial subtypes, SPIN separates the two oligodendrocyte lineage cell subtypes to opposite ends of the cluster. d, Subtypes of fibroblast-like cells. Numerous markers distinguish cells in the FB1 and FB2 clusters. Here we show the examples Col15a1, which is expressed preferentially in FB1 cells, and Itga8, which is expressed preferentially in FB2 cells.


Extended Data Figure 3 Endothelial arteriovenous zonation of Bmx, MFSD2A, TFRC and SLC16A1.
All panels show microscopic fields from cerebral cortex with different labels for endothelial cells (cyan: PECAM1), mural cells including SMCs and pericytes (white: PDGFRB or DES), arterial SMCs (green: ACTA2), specific zonated proteins (red: MFSD2A, TFRC or SLC16A1), separately, or in the indicated combinations. A, artery or arteriole; V, vein or venule; Cap, capillary/ies. a, Validation of Bmx as an arterial marker in adult mouse brain using Bmx-lacZ mice. ACTA2 immunofluorescence distinguishes arteries from veins and capillaries. PECAM1 immunofluorescence depicts all vessels. b–d, The first row of each panel shows the same microscopic field at overview magnification for different immunofluorescence stainings. Hatched boxes delineate the areas shown at higher magnifications in the second row of each panel. The boxes are individually labelled i–vi. Arteries and arterioles are identified by ACTA2. Veins and venules are identified by vessel diameter in combination with the absence of ACTA2. Capillaries are identified by diameter and association with PDGFRB or DES-positive pericytes. An alternative choice of PDGFRB or DES labelling for mural cells was made to match the co-staining with other antibodies. b, Zonated expression of MFSD2A. Note the strong expression in capillaries and weak or absent staining in arteries/arterioles and veins. c, Zonated expression of TFRC. Note the strong expression in capillaries and veins/venules but absent staining in arteries/arterioles. d, Zonated expression of SLC16A1. Note the strong expression in capillaries and veins/venules but absent expression in arteries/arterioles. Data were reproduced in sections taken from three different mice. Scale bars, 20 μm.


Extended Data Figure 4 Endothelial arteriovenous zonation of VCAM1, VWF, Gkn3 and Slc38a5.
All panels show data from cerebral cortex. a, b, Immunofluorescence with different labels for endothelial cells (cyan, PECAM1 or PODXL), mural cells including SMC and pericytes (white, PDGFRB), arterial SMCs (green, ACTA2), and specific zonated proteins (red, VCAM1 or VWF), separately, or in the indicated combinations. The first row of each panel of a, b shows the same microscopic field at overview magnification for different immunofluorescent stainings. Hatched boxes delineate the areas shown at higher magnifications in the second row of each panel. The boxes are individually labelled i–vi. Arteries and arterioles (A) are identified by ACTA2. Veins and venules are identified by vessel diameter in combination with the absence of ACTA2. Capillaries are identified either by TFRC-positive staining and diameter, or by diameter and association with PDGFRB-positive pericytes. a, Zonated expression of VCAM1. Note the strong expression in veins, weak but clear expression in arteries/arterioles, and absent expression in capillaries. b, Zonated expression of VWF. Note the strong expression in arteries and veins, weak expression in arterioles and venules and weak expression in capillaries. c, d, RNA ISH for the indicated genes validates the zonal distribution of Gkn3 to arteries and Slc38a5 to veins. e, Quantification of the ISH results. The following number of mice and fields in total were analysed: Slc38a5 (n = 3, 15 fields); Gkn3 (n = 2, 20 fields). In Fiji software the ROI manager was used to mark and measure the mean grey values of the vascular segments of interest (vein, artery) and data were presented using GraphPad Prism 6 software. An unpaired t-test with Welsh correction was used to demonstrate statistical significance in gene expression between arteries and veins. x-axis shows the vascular segment, y-axis shows the mean grey values. Unpaired t-test with Welsh correction demonstrates statistically significant difference for both genes (****P < 0.0001, ***P < 0.001). Data were reproduced in sections taken from three different mice. Scale bars, 20 μm.

                          Source data
                        


Extended Data Figure 5 Validation of endothelial arteriovenous zonated gene expression using Allen Brain Atlas.
Allen Brain Atlas data for nine zonated endothelial transcripts (Gkn3, Vwf, Slc38a5, Slc6a6, Slc7a5, Mfsd2a, Slc16a1, Vcam1 and Mgp) and one highly expressed endothelial transcript that does not show statistically significant zonation (Cldn5). The left panel of diagrams shows the expression distribution across all vascular cell types clustered by BackSPIN and depicted by average expression for each cluster. These diagrams are excerpts from http://betsholtzlab.org/VascularSingleCells/database.html, where bar plots can also be accessed and viewed at high magnification. A key to the cell type abbreviations is provided in Extended Data Fig. 1. The middle panel of diagrams shows bar-plots for 1,100 endothelial cells (the clusters indicated by the black arrow) organized in one dimension by SPIN. The grey bars show the expression level in individual cells and the red curve (loess function) depicts the expression pattern across the range. The arteriovenous zonation indicated above the middle panel of diagrams is suggested by the data shown in Fig. 2 and Extended Data Figs 3, 4: venous endothelial cells to the left, capillary in the middle and arterial cells to the right. The right panel of micrographs shows excerpts from the Allen Brain Atlas, one overview and two at higher magnification (black frames). Genes with preferential expression in arteries (for example, Gkn3, Mgp), veins (for example, Slc38a5) or both (for example, Vwf, Vcam1 and Slc6a6) show distinct signals in large penetrating as well as in deep vascular structures. Genes that are highly expressed in capillaries (Mfsd2a, Slc16a1, and Cldn5) show distinct labelling of small vessel structures at all locations. The strong expression of Vcam1 and Mgp in fibroblast-like cells may contribute to the labelling of large vessels, although immunofluorescence shows a preferential localization of Vcam1 to endothelial cells (Fig. 3). Red arrows point to labelled profiles consistent with arteries/arterioles or veins. Red arrowheads point to profiles consistent with microvessels. Allen Brain Atlas experiment codes are provided above each overview image. Scale bars, 200 μm.


Extended Data Figure 6 Zonation principles, endothelial transcription factors and transporters, and genes specific to mural cell subtypes.
a, Schematic illustration of zonation principles and distribution of cell types. Endothelial arteriovenous zonation: red–blue; mural arteriovenous zonation: green–yellow; fibroblast-like cells and LAMA1 sleeve: brown. Arrow, arteriolar-capillary boundary. b, c, Heat map of relative expression (red, high; blue, low) of 120 transcription factor (b) and 145 transporter (c) transcripts across the SPIN range of 1,100 endothelial cells. Venous (V), capillary (Cap) and arterial (A) position in the range is depicted at the top. The identities of the transcripts distributing according to six or five major patterns of zonation, respectively, are provided to the right of the heat maps. d, Morphometric analysis of vessel diameter at the transitions between cells positive (+) or negative (−) for immunofluorescent labelling of the indicated proteins. The following number of mice and vessel profiles were analysed for each value: diameter at LAMA1 +/− transition, 5 mice, 49 vessels; diameter at TAGLN/ACTA2 +/− transition, 3 mice, 66 vessels; diameter at CNN1+/− transition, 3 mice, 34 vessels. e, Heat map of relative expression (red, high; blue, low) of the transcripts most specific for each subtype of mural cells ordered according to anatomical axis (vSMC, PC, aaSMC and aSMC). Transcript identities for each group are provided to the right of the heat map. f, Immunofluorescence shows abrupt transition from arteriolar SMCs to pericytes (arrows). Scale bars, 50 μm.

                          Source data
                        


Extended Data Figure 7 Zonation of mural cell markers in mouse brain.
a, b, Immunofluorescence with different labels for endothelial cells (cyan, PECAM1), and mural cells including SMCs and pericytes (white, PDGFRB), arterial SMC (green, ACTA2), specific zonated proteins/reporters (red, TAGLN or CSPG4–DsRed) or in the indicated combinations. All images are from cerebral cortex. These panels show protein distribution to vessel types that match the zonal distribution of transcripts to mural cell subtypes, as shown in Fig. 3a. Data were reproduced in sections taken from three different mice. Scale bars, 50 μm. c, d, Heat map of relative expression (red, high; blue, low) of 131 transcription factor (c) and 121 transporter (d) transcripts across the SPIN range of 1,385 mural cells. The anatomical positions (capillary (Cap), venous (V), arteriolar (Aa) and arterial (A)) are shown at the top. Note the presence of two zones and their non-alignment with the anatomical axis (punctuated zonation where arterioles and veins meet). The identity of the transcripts distributing according to the two major patterns of zonation (SMC-high and PC-high) is provided to the right. e, Examples of three arterial SMC transcript distribution patterns exemplified by Cnn1, Tinagl1 and Fos and other transcripts with similar distribution. The transcripts with Fos-like distribution include products of numerous immediate early genes (IEGs), including Egr1, Fosb, Jun and Junb.


Extended Data Figure 8 Zonation of mural cell markers in zebrafish brain.
a, The zonated distribution of tagln and pdgfrb as shown in the three-month-old zebrafish brain using transgenic reporter fish. GFP is expressed from the tagln promoter and RFP from the UAS promoter activated by pdgfrb promoter-driven Gal4FF. Similar to mice, tagln is expressed in a/aaSMCs (white arrows, inset i) whereas pdgfrb marks mural cells along all vessel types, including capillary pericytes (PC). The lower panels show insets at high magnification. Note the lower expression of pdgfrb in the aSMCs of the larger arteries (inset ii). b, GFP expression from a UAS promoter activated by Gal4FF expressed from the abcc9 promoter in forebrain mural cells of a two-month-old zebrafish. Endothelial cells are labelled by DsRed expression from the kdrl (Vegfr2) promoter. Note that, similar to the expression pattern of Abcc9 in mice, fish abcc9 expression is localized mainly to capillary pericytes and venous mural cells, but not to arteries or arterioles (A). Top, a midsagittal view shows GFP-positive pericytes (white arrowheads) on capillary branches, whereas the SMC of the feeding arteriole as well as the upstream artery (A, white arrows) are GFP-negative. Middle, in a ventral view of the capillary network branching off an arteriole (A), numerous GFP-positive pericytes are seen, while the arteriole is negative. An arteriole–capillary transition is indicated by a yellow arrowhead. Dashed line indicates a vascular continuum stretching from the arteriole (A) across capillary branches to a venule (V). Bottom, another midsagittal view illustrates that arterial SMCs (A) lack abcc9 expression. Scale bars, 50 μm.


Extended Data Figure 9 Pericyte definition, organotypicity and transporter transcript expression.
a, Bar plot showing the expression of the highly abundant endothelial marker Cldn5 across the BackSPIN clusters; note the abundant and specific expression in EC clusters. The arrow points to a small group of cells in the PC cluster showing Cldn5 expression. The BackSPIN range of 1,088 pericytes is shown at larger magnification in the lower panels. An additional seven high abundant endothelial markers (Pecam1, Ly6a, Ly6c1, Podxl, Ptprb, Slc2a1 and Slco1c1) all show a peak of expression in the same roughly 10 cells, suggesting endothelial contamination of these pericytes. The high abundance markers for fibroblast-like cells (Lum) and astrocytes (Aqp4) do not reveal signs of contamination of the pericytes by these cell types. b, Annotation of lung vascular cell BackSPIN clusters and identification of lung pericytes. The PC cluster was identified according to the expression of known and/or shared markers with brain pericytes, combined with the absence of markers for vascular smooth muscle cells (VSMC), fibroblasts (FB), chondrocytes/perichondrium (CP), or endothelial cells (EC). The mixed cluster contains markers for epithelial cells together with markers for fibroblasts and probably represents contaminated cells. Among the endothelial cells (EC), several clusters were identified, including arterial (a), capillary (c/capil) and lymphatic (LEC). c, t-SNE analysis of brain and lung cells shows separation of brain and lung pericytes, as well as of brain and lung fibroblast-like cells, into distinct clusters suggesting organotypic differences for both cell classes. d, Bar plot of expression of the transporter transcript Atp13a5 in brain shows that it is highly specific for pericytes and vSMCs. e, Heat map illustrating the expression (red, high; blue, low) of the 200 most variable transporter transcripts across the brain vascular and vessel-associated cell types. Hierarchical clustering divides the patterns of transporter distribution into approximately 13 groups (separated by hatched lines). The identity of the transcripts in each group is provided to the right of the heat map. Note the abundance of transporters that are pericyte-specific.


Extended Data Figure 10 Localization of perivascular fibroblast-like cells.
a, Pdgfra-H2BGFP-positive cells in veins. Right panels show that the H2BGFP-positive nuclei are distinct from Cspg4-DsRed- and Pdgfrb-GFP-positive mural cells and GFAP-positive astrocytes. White arrows indicate Pdgfra-H2BGFP-positive nuclei. b, Pdgfra-H2BGFP-positive nuclei associated with venules are located between the endothelial cells and AQP4-positive astrocyte end-feet. Capillary-associated Pdgfra-H2BGFP-positive nuclei are located outside the astrocyte end-feet (insets); these cells probably represent oligodendrocyte lineage cells. c, The distribution of LAMA1 correlates with the distribution of vessel-associated Pdgfra-H2BGFP-positive cells. Image in c is from striatum and images in a and b are from cerebral cortex. Data were reproduced in sections taken from three different mice. Scale bars, 20 μm.


Extended Data Figure 11 Characterization of fibroblast-like cells in the brain.
a, GO analysis of the 50 most specific transcripts for the following four cell categories: fibroblast-like cells (FB1, FB2), pericytes and venous SMCs (PC, vSMC), arteriolar and arterial SMCs (aaSMC, aSMC) and endothelial cells (EC). The transcripts were selected on the basis of their distribution correlation with Pdgfra, Abcc9, Acta2 and Pecam1, respectively. Right panel shows a selection of significant terms for each cell class in the three mentioned categories. b, Further categorization of the 50 top markers for fibroblast-like cells reveals that most of them are associated with ECM components, turnover, or function. A few are related to innate immunity function. Nearly all markers are also expressed by lung fibroblasts. c, d, Expression heat map (blue, low; red, high) of collagen transcripts in mural cells and fibroblast-like cells. c, Absolute expression. d, Relative expression. Note the abundance of collagen transcripts in the fibroblast-like cell clusters (FB1 and FB2) and the difference between them, indicating FB subtypes. e, Bar plot distribution of Lum shows strong specificity for the FB clusters. Immunofluorescence for LUM shows its specific localization to blood vessels larger than capillaries and a correlation with the distribution of Pdgfra–H2BGFP-positive perivascular cells. f, Bar plot distribution of Dcn shows strong specificity for the FB clusters. Allen Brain Atlas images confirm expression in large penetrating brain vessels (red arrows).


Extended Data Figure 12 Vascular cell type-specific expression of genes linked to brain diseases.
Brain vascular scRNA-seq data provide insight into brain disease mechanisms. Three types of disease mechanisms are illustrated. For genes implicated in the transport of Alzheimer’s amyloid-β (Aβ) peptide across the BBB, it is noteworthy that several different cell types of the neurovascular unit are implicated in both Aβ influx and efflux mechanisms. Surprisingly, Lrp1 shows its highest expression in perivascular fibroblast-like cells (FB) and pericytes (PC) or vSMCs, but no detectable expression in endothelial cells (EC). *OMIM and #MIM numbers are provided for the monogenic brain disorders. We list the four genes known to be mutated in primary familial brain calcification (PFBC) to illustrate the different cellular expression of these genes, suggesting that changes in cell–cell communication in the vascular wall plays a role in the pathogenesis of this disease. It is noteworthy that several of the genes mutated in other listed monogenic brain disorders are commonly expressed in the cell types molecularly defined through the present study, such as Srpx2 (FB) and Uchl1 (PC). Other transcripts, including Slc2a1 and Mfsd2a, show the expected expression in EC. Unexpectedly, Jam3, which is thought to be expressed mainly in EC, has its major vascular expression in mural cells and oligodendrocytes (OL). Of genes overexpressed in glioblastoma grade IV (GBM) vessels, it is striking that most have their normal expression site in FB and PC or vSMC. This may suggest that GBM vasculature has an altered cellular composition, including a higher abundance of mural and perivascular cells, possibly reflecting a fibrotic reaction originating from FB. The diagrams display relative levels of expression. High-resolution quantitative versions of the diagrams and single cell bar plots can be viewed at http://betsholtzlab.org/VascularSingleCells/database.html. **A detailed analysis of the expression of the microglial expression of Apoe shows that it is predominantly expressed in perivascular brain macrophages.
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