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SUMMARY

The choroid plexus (ChP) in each brain ventricle produces cerebrospinal fluid (CSF) and forms the
blood-CSF barrier. Here, we construct a single cell and spatial atlas of each ChP in the developing,
adult, and aged mouse brain. We delineate diverse cell types, subtypes, cell states and expression
programs in epithelial and mesenchymal cells across ages and ventricles. In the developing ChP,
we predict a common progenitor pool for epithelial and neuronal cells, validated by lineage
tracing. Epithelial and fibroblast cells showed regionalized expression by ventricle, starting at
embryonic stages and persisting with age, with a dramatic transcriptional shift with maturation,
and a smaller shift in each aged cell type. With aging, epithelial cells upregulated host defense
programs and resident macrophages upregulated IL-1p signaling genes. Our atlas revealed cellular
diversity, architecture and signaling across ventricles during development, maturation and aging of
the ChP brain barrier.

Graphical Abstract
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INTRODUCTION

The choroid plexus (ChP) is an essential brain barrier known primarily as a source of
cerebrospinal fluid (CSF) and comprises an analogous set of four tissue structures located in
each brain ventricle. The foundation of the ChP is an epithelial sheet that, together with a
network of vasculature and diverse cell types, regulates CSF secretion and governs its
composition by de rnovo protein synthesis and selective transcytosis of blood-borne factors
(Damkier et al., 2013; Ghersi-Egea et al., 2018; Lun et al., 2015a; Saunders et al., 2018b). In
addition, the ChP participates in regulating neurogenesis (Lehtinen et al., 2011; Silva-Vargas
et al., 2016), homeostatic responses to arousal states (Mathew et al., 2016; Myung et al.,
2018), inflammatory signals (Cui et al., 2020; Van Hove et al., 2019; Jordéo et al., 2019a;
Karimy et al., 2017; Reboldi et al., 2009; Schwartz and Baruch, 2014; Shechter et al., 2013),
and atypical courses of neurodevelopment (Shannon et al., 2018; Tong et al., 2015)
(reviewed in Fame and Lehtinen, 2020). Thus, the ChP could provide insights into disease
pathology and provide potential therapeutic targets for a wide range of disorders.
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Remarkably little is known about the molecular mechanisms governing these functions of
the ChP, its cellular networks, and histology. Each ChP develops independently from distinct
locations along the roofplate, where capillaries, mesenchymal and neural crest cells
invaginate the neuroepithelium (Hunter and Dymecki, 2007; Lun et al., 2015a; Wilting and
Christ, 1989). Bulk profiling of whole tissue (Liddelow et al., 2010; Lun et al., 2015b; Silva-
Vargas et al., 2016) or sorted subpopulations (Lun et al., 2015b) indicates that each ChP
retains a developmental blueprint of its origins along the body axis, with ventricle-specific
transcriptomes and secretomes for the lateral and 4th ventricle ChPs (Lun et al., 2015a). The
less-accessible third ventricle is the least explored, and boundaries of all ChPs with adjacent
neural tissues remain poorly defined. Earlier efforts to address these deficiencies were
limited by the lack of techniques to access, isolate, and comprehensively profile the ChP
across brain ventricles and ages.

Here, we characterized the ChP across all brain ventricles in the developing, adult, and aging
mouse brain, by single cell and single nucleus RNA-Seq (sc/snRNA-seq), and spatial
mapping of specific RNAs and proteins. We profiled 15,620 cells and 83,040 nuclei,
followed by multi-tiered validation with single molecule fluorescence /n situ hybridization
(smFISH), immunostaining, and transgenic lines. We used whole tissue imaging to map the
identified cell types, sub-types and states to uncover specialized niches within ChPs and
along transition areas between the ChP and adjacent brain parenchyma. Trajectory inference
of developing ChP cells predicted a common progenitor pool for epithelial and neuronal
cells, which we validated by fluorescent tagging and lineage tracing. While some expression
signatures were invariant across ages and ventricles, such as the expression of the SARS-
CoV-2 receptor ACEZin mesenchymal and epithelial cells, others shifted with age or by
ventricle, especially for epithelial and fibroblast cells. Ligand-receptor expression patterns
across cell types predicted age- and ventricle- specific cell-cell interactions within the ChP,
with a previously unappreciated role for mesenchymal cells (fibroblasts and pericytes) in the
inferred cellular crosstalk, and an enhancement of IL-1p signaling from resident
macrophage cells to endothelial and mesenchymal cells with age. Our molecular, cellular
and spatial map of the ChP will be a resource for creating tools to access and control this
essential brain-body barrier.

Molecular survey defines the cellular composition of the ChP across ventricles and ages

To chart a cell atlas of the developing, mature, and aging ChP, we profiled 15,620 single
cells (scRNA-seq) and 83,040 single nuclei (sSnRNA-seq) from the lateral (LV), third (3V),
and fourth (4V) brain ventricles of developing (embryonic day [E]16.5, n = 13), adult (4
months, n = 4) and aging (20 months, n = 9) mice (Figure 1A-C, F-H). We refined
microdissection, cell dissociation and nucleus isolation techniques to obtain healthy single
cells and nuclei from all ChPs (Figure 1A, STAR Methods). We conducted scRNA-seq for
embryonic samples and snRNA-seq for all ages (Figure 1B, STAR Methods) (Gaublomme et
al., 2019; Habib et al., 2017).

Embryonic cells partitioned into clusters identifying epithelial, mesenchymal (mural and
fibroblast), endothelial, immune, neuronal and glial cells in each ChP from all ventricles (by
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marker genes expression, Figure 1C, S1A,B,C, Table S1, STAR Methods). We determined
the spatial positions of each major cell type within the ChP tissue from each ventricle by
immunostaining of marker genes in whole explants and tissue slices of the developing brain
(Figure 1D,E). Notably, actively cycling cell subsets were present within each of the six
major cell classes in the developing ChP (Figure S1D) and were enriched along the base of
the ChP proximal to the brain (Figure S1E).

SnRNA-seq of embryonic, adult, and aged ChP identified the same major cell classes in
each ventricle (as in sSCRNA-seq of embryonic samples, Figure 1F), with conservation of
overall cellular composition with age. While tissue maturation was accompanied by a
distinct shift in gene expression between embryo and adult/aged ChP (Figure 1F-H, S1F,G),
canonical cell-type markers were conserved across ages and ventricles (Figure 11, Figure
S1H,I).

Neuronal and glial cell populations in the ChP

We captured neuronal ( Tubb3 expressing) and glia-like (S/c1a3/[EAAT1 or GFAP
expressing) cells in the ChP across all ages, validated by immunostaining (Figures 1C,D,I,
S1J-L), in agreement with previous studies (Lindvall et al., 1978). The neuro-glial
populations were proportionally low (8%/2.5% of cells/nuclei, Figure S1B,G), yet sub-
clustering revealed substantial diversity within each population.

In embryos, subsets of glial cells expressed markers of neural progenitor/stem-like cells (e.g.
Pax6, Nes, Sox2, Rspo2/3) or of oligodendrocyte precursor cells (OPCs, e.g. Olig1, Olig2)
(Kriegstein and Alvarez-Buylla, 2009) (Figure 2A, S2A,B). Subsets of neurons expressed
markers of intermediate progenitors (e.g. Eomes/Tbr2) or of immature neurons (e.g.
Neurod1/2, DIx1/2), and various neuropeptides (e.g. Vgf, Chgb) (Figure S2B).

Two neuro-glial subsets in the 3V expressed markers of developing pinealocytes (e.g. Crx,
Krt19, Figure 2A, clusters 12 and 13, Figure S2B), which develop caudal to the 3V ChP. We
leveraged the inclusion of adjacent brain tissue in our atlas to map the boundary between the
3V ChP and developing pineal gland using published ISH (Lein et al., 2007; Visel et al.,
2004) of marker genes from our data (Figure S2C). The diversity of embryonic glia and
neuronal populations observed in scRNA-seq was confirmed by snRNA-seq and expanded to
adult and aged ChP (Figure S2D,E) (Dulken et al., 2017; Mizrak et al., 2019; Shah et al.,
2018).

An inferred common progenitor pool for epithelial and neural cells validated by lineage

tracing

The embryonic ChP scRNA-seq profiles of epithelial, glial, and neuronal cells were not
discretely separable by low-dimensional embedding (Figure 1C, STAR Methods),
suggesting a common progenitor pool for both epithelial and neuronal cells may exist in the
ChP. We thus modeled the predicted continuum between glial, neuronal, and epithelial cells
using a diffusion map (Haghverdi et al., 2016) of 3V ChP cells (Figure S1D). The analysis
arranged neurons and mature epithelial cells at two opposite ends of a trajectory, with a
progenitor glia-like population at the node between them (Figure 2B, further supported RNA
velocity (La Manno et al., 2018) analysis, Figure S2F).
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The predicted progenitors expressed proliferation (Mki67) and known markers (Paxé,
Rspo2/3, Wnt5a/3a/1, Fabp7, clusters 7 and 8 in Figure 2A,B S2B; STAR Methods),
previously reported for precursors of ependymal cells and cortical neurons (Kriegstein and
Alvarez-Buylla, 2009), with Wnt1 having the most specific expression (Figure S2G). Wnt1
mutant mice have disrupted 3V and 4V ChP formation (Louvi and Wassef, 2000). Wnt1
contributes to lower rhombic lip (LRL)-derived 4V ChP (Awatramani et al., 2003; Hunter
and Dymecki, 2007), but the upper rhombic lip (URL) Wnt1 progenitor pool contributes
largely to cerebellar development (Wingate, 2001) and expression was noted in the ChP
(Hagan and Zervas, 2012). Focusing on the URL, we validated that WntI* cells localized
near FoxJI-expressing ChP epithelial cells (by smFISH and immunohistochemistry, Figures
2C-G).

We confirmed our hypothesis of a common progenitor pool by lineage tracing the progeny
of Wnti1+ progenitors (by crossing Wnt1-CREZ (Lewis et al., 2013) with R26R-Confetti
mice (Livet et al., 2007; Snippert et al., 2010), Figure 2H,l. WntI-derived epithelial cells in
the maturing 4V ChP extended away from the URL, and WntZ-derived neurons were in
close proximity to progenitors in the URL (Figure 2J,K). These data support our model of a
common progenitor pool that can give rise to both cell types. Analysis of 3V ChP in Wnt1-
CREZ2.::R26R-Confetti mice further revealed WntI-lineage contributions to 3V ChP
epithelial cells (Figure 2L).

Differentiating epithelial cells had distinct spatial organization and ciliogenesis expression
programs. The maturing ChP epithelial cells in each ventricle transiently expressed
ciliogenesis genes including Ccdc67/Deupl (Figures 2B, M-0), which drives centriole
biogenesis, an essential step of multi-ciliation (Brooks and Wallingford, 2014). Shisa8, a
reprogramming regulator (Schiebinger et al., 2019), was also expressed near the base of
acetylated tubulin tufts in multi-ciliated epithelial cells (Figure 2N,0). We mapped the
differentiating populations to distinct spatial boundaries within each ventricle (Figure 2P-R),
with progenitor cells located near the ChP-brain boundary (by smFISH of Rspo1/2/3,
Whnit2b/3a/5a; Axin2) (Figure S2H-K). Notably, the proportion of replicating epithelial cells
was reduced from ~10% in embryonic ChP to ~1% in adult ChP, with an overall shift
towards more mature cells compared to ciliogenic epithelial cells (p-value < 0.05, t-test on
fraction of cells, Figure S2L). This maturation gradient of embryonic ChP epithelial cells
matches prior models (Liddelow et al., 2010; Shuangshoti and Netsky, 1966) and provides a
molecular handle for investigating distinct stages of epithelial cell development.

Epithelial cell programs are regionalized across brain ventricles in all ages

We next examined each of the major differentiated ChP cell populations — epithelial,
mesenchymal, immune and endothelial. In each case, we first analyzed the embryonic cells
(profiled by scRNA-seq) across the three ventricles, and then compared developing, adult,
and aged mice (as profiled by snRNA-seq). Together these analyses identified shared and
regionalized gene programs and distinguished those that are age-invariant and age-
dependent.

In the embryo, epithelial cells formed the largest cell class in each ChP (by scRNA-seq,
Figure S1B) and partitioned into subsets representing cycling, newly differentiated cells

Cell. Author manuscript; available in PMC 2022 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dani et al.

Page 7

undergoing ciliogenesis (above, Figure 2N), and mature cells (Figure 3A). Mature epithelial
cell profiles partitioned by ventricle (Figure 3A), matching differential gene expression
between LV and 4V ChP by bulk RNA-seq (Lun et al., 2015b) (Figure S3A). To identify
ventricle-specific expression programs of embryonic epithelial cells, we performed topic
modeling (Bielecki et al., 2021; Blei et al., 2003; Dey et al., 2017; Pritchard et al., 2000)
(STAR Methods), to learn expression programs (“topics”) and model cells as a mixture of
topics. Briefly, a gene can belong to multiple topics with different weights, reflecting the
gene’s role in each topic; and a topic’s weight for a given cell reflects the relative
prominence of the expression program in that cell. We learned a topic model across all
embryonic epithelial cells in the SCRNA-seq dataset, and searched for topics that were
differentially weighted in a subset of cells or enriched for genes of a specific biological
process (Figure 3B, S3B,C STAR Methods, Table S2), such as ciliogenesis and immediate
early genes (Figure S3B,C,D, Star Methods). Immediate early gene expression (Topic 19,
Figure S3B,C) may reflect a response to tissue dissociation (van den Brink et al., 2017) as it
was reduced in single nucleus profiles (Lacar et al., 2016) (Figure S3D).

Several topics reflected cross-ventricle regionalized gene programs (Topics 3, 6, 11, 14, 16,
and 23), having differential weights between cells from different ventricles (Figure 3B,
S3C). We validated the ventricle-specific enrichment of key topic-associated genes using
smFISH and in published data (Visel et al., 2004) (Figure 3C,D). For example, /ns2,
encoding an insulin precursor and associated with Topic 16, was over-expressed in 3V
epithelial cells in the embryo (in scRNA-seq data, Figure 3B-D). Regionalized differences
identified by scRNA-seq data (Figure 3C) were recapitulated in the corresponding embryo
snRNA-seq data (Figure S3E). For example, /ns2was expressed in the 3V ChP, supporting
the model that the ChP is an internal source of insulin for the brain (Mazucanti et al., 2019).

Other topics reflected spatial expression patterns within a ventricle. For example, epithelial
cells in the ChP partitioned into two subpopulations by their weights of topics 6, 11 or 23
(Figure 3B,E, S3F). While these topics were highest in 4V, they also showed intra-ventricle
variation in epithelial cells in other ventricles (Figure 3B). Mapping the expression of highly
scoring genes for these topics in the 4V ChP /n situidentified a rostro-caudal gradient of
expression (Figure 3E), which may derive from the earliest stages of development, when
roof plate progenitors originating from distinct rhombomeres give rise to hindbrain and 4V
ChP (Hunter and Dymecki, 2007).

Comparing patterns across three age groups profiled by snRNA-seq, we found both age-
invariant and age-dependent expression patterns, including regionalized patterns, with the
main shift occurring from embryo to adult and then persisting into aging (Figure 3F,G). We
found age-dependent expression of transporters and channels involved in ion and water
movement across the epithelium, aligning with a key function of epithelial cells to produce
CSF (Damkier et al., 2013; Fame and Lehtinen, 2020). For example, in adult ChP S/c12a2
(NKCC1), Kcnj13 (Kir7.1), and Slc4a5 (NBC4) were upregulated (see also (Xu et al.,
2021)), while Agp1 was modestly downregulated (Figure 3H, S3G). There were also age-
dependent expression of genes encoding secreted proteins (Figure 3H, S3H, Table S3),
including the “anti-aging” gene Kl/otho (Kuro-o et al., 1997; Zhu et al., 2018), which
increased with age (Figure 3H).
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Across all ages, differentially expressed genes were partitioned into three groups by age- and
ventricle-dependent expression: First, age-invariant ventricle-dependent genes (e.g., Wisin
4V, Emx2in LV, Figure 3, Table S3); Second, age- and ventricle-dependent genes (e.g.,
Rspo3in 3V, Figure 3J, Table S3), including a gene subset regionalized in adult and aged
mice that were either not yet detected or not regionalized in the embryo at E16.5 (Figure
S31,J). Third, age-dependent and ventricle-invariant genes changed with age in all ventricles.
These were enriched for specialized programs across ages: Embryonic epithelia upregulated
genes for developmental processes (Figure 3K, S3K), while aged epithelia upregulated host-
defense programs (Figure 3L, FDR g-value < 0.01, GOrilla (Eden et al., 2007, 2009;Baruch
et al., 2014). Thus, epithelial cells likely adapt to fulfill age-dependent functions in the brain.

Mesenchymal cell programs are regionalized across brain ventricles

Mesenchymal cell profiles partitioned into fibroblasts and mural cells expressing pericyte
and vascular smooth muscle cell (vSMC) markers (Figure 4A, S4A), consistent with cranial
mesenchyme and neural crest contributions to the stromal space (Martik and Bronner, 2017;
Wilting and Christ, 1989). Topic modeling of the embryonic cells recovered topics capturing
mesenchymal cell types (e.g., pericytes (topic 3), proliferating cells (topics 12 and 16)), and
ventricle-dependent topics within fibroblasts (e.g., LV (Topics 8 and 18), 3V (Topics 2 and
7) and 4V (Topic 5)) (Figure 4B, S4B,C, Table S4). We validated ventricle-dependent genes
using published ISH data (Figure S4D, Visel et al., 2004). 3V ChP fibroblasts (Topic 7)
shared expression signatures with meningeal fibroblasts (e.g., Apod, Slc1a3) and the “ceiling
cell’ fibroblast subtype (e.g., Crym, Figure 4B, S4E; DeSisto et al., 2020). The ventricle-
dependent topics revealed regionalized expression of genes encoding growth factors
(Bmp4/7, Wnit4/2) and extracellular matrix proteins (Figure 4B, S4F). 4V ChP fibroblasts
also expressed high levels of genes encoding signaling molecules with roles in hindbrain
development (e.g., Hhip (Chuang and McMahon, 1999), Ptchl (Huang et al., 2009), Rbp4
(Chang et al., 2016), and WispZ (Lun et al., 2015a, Figure 4B, S4D).

Comparing patterns across the three age groups using snRNA-seq data revealed all
mesenchymal cell types — pericytes, fibroblasts, vSMCs, and meningeal fibroblasts (Figure
4C-F, S4G). In fibroblasts, we found both age-invariant and age-dependent patterns,
including regionalized patterns (Figure 4G,H, Table S5). As in epithelial cells, age-
dependent fibroblast genes typically changed postnatally and were maintained in aged ChP
(Figure 4H). Among age-dependent ventricle-invariant genes, embryonic fibroblasts
expressed higher levels of developmental and morphogenesis genes, whereas the adult and
aged fibroblasts upregulated transporters, receptors, peptidase and proteolytic activity genes
(Figure 41, S4H,1).

ACE2, the SARS-CoV-2 receptor is expressed by mesenchymal cells in the ChP

Mesenchymal cells across all ages and ventricles expressed AceZ2 (Angiotensin | converting
enzyme 2; Figure 4J,54J), the SARS-CoV-2 receptor, and other known and putative
accessory components, including cathepsins (Cts/and Ctsb (Muus et al., 2020)) and
Neuropilin-1 (NRP1 (Cantuti-Castelvetri et al., 2020)) (Figure 4J, S4J). We validated ACE2
protein expression by mesenchymal cells in the stromal space (Figure 4K) and on some
epithelial cells in embryonic, adult, and aged ChP (Figure 4K,L, S4K), similar to reports in
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human ChP (Yang et al., 2020). We also validated the expression of NRP1 protein, an
effector of SARS-CoV-2 cell entry and infectivity, in mesenchymal cells (Cantuti-Castelvetri
et al., 2020) (Figure 4M). These data highlight the potential of mesenchymal and epithelial
ChP cells to facilitate viral particle entry into the CSF (Pellegrini et al., 2020b, 2020a; Wu et
al., 2020) in all ventricles and ages and to contribute to neurological sequelae associated
with SARS-CoV-2 infection (Ellul et al., 2020).

Homeostatic macrophage diversity within ChP across ages

In the embryonic ChP, scRNA-seq profiles spanned eight subsets of immune cells: B cells,
lymphocytes, macrophages, basophils, mast cells, dendritic cells, monocytes and neutrophils
(Figure 5A,B), each expressing specific cytokine, chemokine, and complement component
genes (Figure S5A,B).

In macrophages (Cx3cr1t; Csf1RY), the largest class of immune cells in the ChP, we found
heterogeneity within stromal and CSF-contacting epiplexus cells. Diffusion map embedding
of scRNA-seq embryonic profiles showed graded gene expression patterns spanning three
transcriptional states (Figure 5C, STAR Methods). Differentially expressed genes between
states included the hyaluronan receptor Lyvel (Jordao et al., 2019a; Lim et al., 2018); Spp1,
a potential regulator of phagocytosis in the brain (Hammond et al., 2019); S/c40a1, an iron
transporter; and Spic, which marks red pulp macrophages (Haldar et al., 2014) and bone
marrow macrophages (Kohyama et al., 2009) that we confirmed by IHC (Figure 5C, S5C). A
subset of S/c40a1" macrophages expressed Spicand Clec4n (Figure S5D), corresponding to
recently described Clec4i* macrophages in postnatal ChP (Li et al., 2019). Macrophage
states were associated with distinct spatial niches in the ChP, either basally under the
epithelial cell monolayer or on the apical surface (e.g., epiplexus position, Figure 5D), by
image analysis of Cx3cr1-GFPtransgenic mouse. Cx3crl-GFP-expressing cells tiled across
the ChP (Figure 5E; Cui et al., 2020), with the subset expressing SLC40A1 located proximal
to major vessels, suggesting roles in regulating iron homeostasis (Figure 5F). A subset of the
Cx3crI™ macrophages located on the apical ChP surface expressed LYVE1 (Figure 5G).

SnRNA-seq of embryonic, adult, and aged ChP across all ventricles identified macrophages,
neutrophils, dendritic cells, plasma cells, and lymphoid (B- and T-) cells (Figure 5H, S5E,F).
Macrophages were the most prevalent and were associated with blood vessels across all ages
(Figure S5G; Shipley et al., 2020). The macrophages expressed markers of border associated
macrophages (BAMs) (e.qg., Apoe, Ms4az, Ms4a6c) recently identified in periluminal
regions, meninges, and ChP (Van Hove et al., 2019). In agreement with recent reports (Van
Hove et al., 2019), we found diversity within the BAMSs, which segregated into two subsets
defined as major histocompatibility complex (MHC) class 11" and MHC 11Mi9", However,
in contrast to Van Hove et al., our data revealed that this separation was age-dependent and
potentially represented a maturation-dependent shift from MHC 11'°% to MHC 11M9h (Figure
51, S51,J, Table S6). For example, CD206 (Mrc1, mannose receptor C-type 1) expressed by
embryonic macrophages was downregulated in adults, whereas CD74 (MHC class 11
associated protein) was upregulated in adult and aged macrophages vs. embryos (Figure 5J-
L, Figure S5H). Similarly, we found a subset of macrophages expressing markers previously
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defined as subdural-specific BAMs (e.qg., Lyvel, Ednrb, Colec12; Van Hove et al., 2019) that
were enriched in embryonic ChP macrophages in our dataset (Figure S5H).

Arterio-venous zonation and blood brain barrier protein expression in ChP vasculature

The ChP serves as an important blood-CSF barrier. While the major vessels that feed each
ChP are well described (Lun et al., 2015a), the identity, structure and development of
vascular cell types within the ChP remain largely unknown. In the embryo, topic modeling
of scRNA-seq data of vascular cells recovered expression programs associated with capillary
(Topic 3), arterial (Topic 8 and 10) and blood-brain barrier (BBB)-associated (Topic 11)
cells (Figure 6A, S6A,B, Table S7). We spatially mapped the developing arterio-venous
zonation in the embryonic LV ChP in whole explants by combining the pan-endothelial
marker PECAM1 with markers for arteries (Acta2+, Vwi+)and veins (Acta2-, Vwi+)
(Vanlandewijck et al., 2018). Histological analyses revealed arteries developing obliquely
across the ChP and veins running along the ventricular free margin of the tissue (Figure 6B).
The arterio-venous zonation in the developing embryo was accompanied by enriched
capillary marker expression (e.g. £sm1) along the ventricular margin of the ChP, suggesting
zonated gene expression in vessels across the developing ChP (Figure 6C).

Comparing single nucleus profiles across ages revealed that arterial, venous, and capillary
identities were established across adult ages and ventricles (Figure 6D, S6C). In adult and
aged LV ChP, IHC showed that arteries and veins were regularly segmented across the tissue
(Figure 6E,F; Shipley et al., 2020) and connected by an expanded capillary-like network
(Figure S6D) similar to human tissue (Hudson, 1960). Moreover, P/vap, which marks
diaphragms of fenestrated endothelial cells (Herrnberger et al., 2012), scored highly in Topic
3 from scRNA-seq of embryonic cells (Figure 6A), and was also identified in adult and aged
snRNA-seq profiles (Figure S6C). These findings match prior reports detailing the
appearance of fenestrae during early embryonic rodent development (Figure S6E), which
increase in number as the ChP matures (Keep and Jones, 1990). While we did not observe
overt regionalization of endothelial cell programs, venous markers were enriched in the 3V
ChP across all ages (Figure 6D, S6F,G), likely resulting from capture of the proximal vein of
Galen (Mancini et al., 2015) (Figure S6H). The stereotyped vascular organization was
retained in aged ChP (Figure 6F), where Vwrfand Selp (P-selectin) expression were also
detected (Figure 6G). IHC revealed VWF and SELP colocalized to enlarged luminal
domains of vessels in aged mice (Figure 6H), suggesting age-associated vascular damage.
Overall, these results identify molecular identities and vascular organization of ChPs across
ventricles and ages that match vascular patterning in the human ChP (Hudson, 1960).

Notably, topic modeling of embryonic ChP cells also uncovered a previously unknown brain
barrier transition zone embedded in the molecular and vascular map of the ChP, which we
validated across ages. Specifically, non-capillary endothelial cells in the embryonic ChP
expressed BBB markers (C/dn5 and Mfsd2a, Topic 11) (Figure 6A), even though the ChP is
recognized to lack a classic BBB (Ben-Zvi et al., 2014; Saunders et al., 2018b). Cldn5
expression persisted in a subset of endothelial cells in SnRNA-seq from all ages (Figure 61,
S6C), and CLDNS5 protein was prominent in the major arteries bifurcating from the
choroidal artery and extending into the ChP (Figure 6J, K, S6l).
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Ligand-receptor analysis identifies mesenchymal cells as an interaction hub across ages
and ventricles

Analysis of cognate ligand-receptor expression patterns across cell types, ventricles and ages
(STAR Methods) predicted extensive cellular crosstalk involving all major ChP cell types
(Figure 7). Briefly, for each ventricle and age, we identified putative interactions between
each of the 6 major cell types by the expression of a ligand and its cognate receptor (through
the CellPhoneDB (Efremova et al., 2020), STAR Methods). We estimated the significance of
individual interactions (Efremova et al., 2020), and of the number and nature of observed
interactions, between pairs of cell types by permutation tests (STAR Methods). We found
significant individual interactions between each pair of cell types across all ventricles and
ages, with specific cell type pairs having a significant enrichment in the number of
interactions (Figure 7A, S7A,B, Table S8). We then focused all subsequent analyses only on
significant interactions.

The number of significant ligand-receptor interactions between each pair of cell types
changed across ventricles and ages (Figure 7A, Figure S7A,B). Overall, mesenchymal and
epithelial cells had a high number of interactions (Figure 7A, Figure S7B). The majority of
significantly interacting cell type pairs involved mesenchymal cells (FDR<0.05, 60%, 70%
and 85% in embryonic, adult and aged, respectively), followed by epithelial cells
(FDR<0.05, 45%, 55% and 42% in embryonic, adult and aged, respectively). For example,
mesenchymal cells (fibroblasts and pericytes) expressed Pdgfraand Pdgfrb respectively, and
epithelial and endothelial cells expressed their cognate ligands, Pdgfa and Pdgfb respectively
(Figure S7C). Whntba, a regulator of 4V ChP and hindbrain development (Kaiser et al.,
2019), was most robustly expressed by mesenchymal cells and its receptor Ror1 was
expressed, amongst others, by epithelial cells, suggesting lifelong contributions to ChP
function (Figure S7C). Other notable interactions included Vegfain epithelial and
mesenchymal cells and its receptor ~/t7 on endothelial cells (Figure S7C).

Notably, in a more conservative, degree-preserving permutation test, the number of predicted
interactions between most cell type pairs was not statistically significant (Figure S7D),
indicating the dominance of a cell type in the crosstalk across all cells and not specific pairs.
In addition, there were some differences between predicted significant interactions from
scRNA-seq vs. SnRNA-seq for embryo ChP, which may reflect differences in cell type
recovery between methods (Figure S7A).

Comparing significant interactions across ventricles or ages revealed age- or ventricle-
dependent interactions and overall differences in the number of interactions (Figure 7B-D).
For example, Mov-Notchl ligand receptor pair (LRP) expression in the 3V ChP and D/kI-
Notch LRP in 4V ChP predicted ventricle-specific signaling from mesenchymal cells to
most other cell types (Figure 7C). In 3V and 4V ChP, Bmp5-Bmprlb LRP expression
predicted signaling from mesenchymal to neuro/glial and epithelial cells (Figure 7C).
Among age-specific interactions, several LRPs were embryonically enriched. For example,
Rspo2-Lgr4 L RP expression predicted signaling mainly from neuro/glial cells to epithelial
and neuro/glial cells in the LV ChP. Lgr4 receptor is a key regulator of development and
differentiation (Bell et al., 2008; Kinzel et al., 2014), consistent with our report of a common
Rspo2+ progenitor for neurons and epithelial cells (Figure 2). Further, in the developing
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ChP, Efna5-Ephb2 LRP expression predicted signaling from epithelial cells to neuro/glial
cells (Figure 7D), suggesting a role for Ephrin signaling in differentiation (similar to the gut;
Kania and Klein, 2016). Finally, we predicted age-dependent signaling from mesenchymal,
endothelial and epithelial cells expressing the insulin-like growth factor /gf2to various cells
expressing its receptors, /gflrand /gf2r, predominantly in embryonic ChP (Figure 7D, S7C),
reinforcing the role of IGF signaling in development (Lehtinen et al., 2011). Among the
ligand-receptor pairs expressed in adult that increased with age, Cxc/12-Ackr3 LRP
expression predicted signaling from mesenchymal to endothelial and other cell types (Figure
7D).

Enhanced putative IL-1p signaling between macrophages, endothelial and mesenchymal
cells in aging

Several interactions were predicted across all ventricles and ages, between immune cells and
structural cells (epithelial, mesenchymal and endothelial), in line with the diverse functions
assigned to immune cells in other barrier systems (Krausgruber et al., 2020). For example,
Csf1, a signal for macrophage and monocyte differentiation was expressed by mesenchymal
cells and endothelial cells, suggesting that myeloid cell signaling maturation for Csf1r
expressing cells exists in the ChP throughout life (Figure S7C, Table S7).

Consistent with previous reports of overall induction of inflammatory signaling in the aged
ChP (Baruch et al., 2014; Paré et al., 2018), IL-1p expression was induced in aged ChP
macrophages and its receptor, IL1R1, was enriched in endothelial and mesenchymal cells
(Figure 7E). We validated this observation, finding that IL-1p immunolabeled macrophages
in the aged ChP localized to vessel-like structures bridging the ChP with the brain
parenchyma (Figure 7F). Its cognate receptor, IL1R1, was expressed by endothelial,
mesenchymal and epithelial cells, and IHC revealed enrichment along endothelial structures
(Figure 7G). Overall, these interactions may contribute to age-dependent macrophage
migration and infiltration of the ChP brain immune barrier.

DISCUSSION

The lack of a detailed cellular and molecular map for the ChP has been a major obstacle to
elucidating its roles in instructing brain development, brain function, understanding its
barrier properties, and unlocking its lifelong therapeutic potential. Here, we characterized
ChP cell types across ventricles and ages, uncovered ventricle- and age-specific gene
expression programs for epithelial and mesenchymal cells, described immune cell diversity,
mapped developing and aging vascular structures, and uncovered age-dependent changes
within ChP cellular signaling networks.

Our work builds on previous findings (Lun et al., 2015a) to demonstrate the ventricle-
specific regionalization of epithelial and mesenchymal cells. Ventricle-specific identities
were maintained in the adult and aged tissue, but additional genes became regionalized in
the adult (and persisted into aging), either by activation of expression (for genes not
expressed in the embryo) or by restriction of expression (for genes expressed across
ventricles in the embryo). Gene programs and graded expression patterns, particularly across
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4V ChP epithelial cells, may arise from the segmental development of the 4V ChP from
distinct rhombomeres (Awatramani et al., 2003; Hunter and Dymecki, 2007).

The ChP is considered to be a primary producer of CSF and CSF-distributed factors (Ghersi-
Egea et al., 2018; Lun et al., 2015a; Saunders et al., 2018b), and our cell atlas provides an
opportunity to identify specifically which cells contribute. Essentially all major ChP cell
types, and in particular ChP fibroblasts, also expressed many secreted factors found in CSF,
including /g72 (Lehtinen et al., 2011). Notably, mesenchymal cells were the cell type with
the most predicted interactions with other ChP cell types. Future studies will determine if
secreted factors of non-epithelial origin are restricted to targets within the ChP stromal
space, or whether transport mechanisms allow them to contribute to CSF-based signaling in
the brain.

Our profiles of ChP immune cell populations revealed spatial organization and age-
dependent expression across ventricles and within the ChP. Most ChP macrophages shared
signature genes recently described for adult ChP macrophages (Jorddo et al., 2019a) and
were Sall1 negative (Hammond et al., 2019). While we did not uncover a transcriptional
signature purely for epiplexus cells, in validation experiments of Lyvel expressing Cx3cri-
positive cells, we observed that some, but not all, epiplexus cells expressed LYVEL1,
demonstrating heterogeneity in immune cells positioned on the ChP surface. We noted age-
dependent gene expression patterns in macrophages, such that genes upregulated during
development, such as Ca206/Mrc1, were downregulated in adult and aged macrophages.
Conversely, adult macrophages upregulated CD74, a chaperone of antigen presentation
protein that was even further upregulated in the aged ChP. These maturation dependent
changes agree with a recent report of BAMs (Van Hove et al., 2019). However, our data
further clarify that this diversity is likely maturation-dependent, suggesting that the
previously described diversity reflect instead a transition state between embryo and adult.
Overall, we observed an upregulation of the inflammatory signals in the aged ChP in
agreement with prior studies (Baruch et al., 2014) that was reflected in expression of /fit1
and //1b6in aged epithelial cells. An improved understanding of ChP resident immune cells
will facilitate future studies aimed at testing the protective and/or damaging consequences of
ChP inflammation on brain function.

In summary, our study provides a comprehensive map of the molecular, cellular and spatial
diversity of each ChP of the developing, adult, and aging mouse brain. Since the ChP-CSF
system is implicated in a growing number of neurologic conditions, our dataset offers
molecular insight that should accelerate future studies investigating the lifelong, active
regulation of the ChP brain-body barrier.

Limitations of the study

To generate the atlas we overcame several challenges, while encountering new limitations.
(1) To overcome the small tissue size, we isolated sufficient numbers of cells by pooling
samples across donors. This approach was particularly salient for immune cells, which may
nonetheless benefit from further enrichment for greater in-depth analysis. (2) We endeavored
to isolate pure ChP by dissecting along anatomically defined tissue boundaries, which were
at times limited (e.g., 3V ChP that has less defined borders). (3) We dissociated cells at
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different ages for whole cell sequencing. However, cellular health was particularly
challenging for adult and aged tissues, ultimately leading us to favor differential sample
processing (e.g., SCRNA-seq for embryonic vs. frozen samples and snRNA-seq for adult/
aged also applied to embryonic). This strategy subsequently introduced additional
computational challenges in comparison of the two datasets. (4) Transitions between cell
states and ages are continuous and required adjustments to our computational tools including
the use of topic modeling. (5) We cannot rule out the possibility that we may miss some
lower expressed genes of interest to ChP biology due to the limitations in depth of coverage.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Maria K. Lehtinen,
maria.lehtinen@childrens.harvard.edu.

Materials Availability—No new reagents generated.

Data and Code Availability—Raw and processed mouse sequencing data is available at
https://portals.broadinstitute.org/single_cell and at the Gene Expression Omnbius (GEO)
database GSE168704.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal models—AlIl mouse work was performed in accordance with the Institutional
Animal Care and Use Committees (IACUC) and relevant guidelines of Boston Children’s
Hospital and Masaryk University.

Embryonic day (E) 16.5 embryos were obtained from time-pregnant CD-1 dams for
embryonic sScCRNA-seq analyses. For snRNA-seq analyses, E16.5 embryos, adult (4 months)
and aged (20 months) C57BL/6J males and females were used. All animals were housed
under 12hr/12hr day night cycle with access to standard chow and water ad libitum.

CD1(ICR)- Charles River Laboratories Strain 022.
Cx3crl-GFP (catalog #: 005582, The Jackson Laboratory)
C57BL/6 — Charles River Laboratories

C57BL/6J — (catalog #: 000664, The Jackson Laboratory)
Whntl-Cre2 — (catalog #: 002137, The Jackson Laboratory)

R26R-Confetti — (catalog #: 013731, The Jackson Laboratory)

METHOD DETAILS

ChP tissue dissection—Whole ChP tissues from embryonic and adult were isolated as
follows. LV ChP: Cerebral cortical hemispheres were separated. Following incisions into the
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cortical tissue at either end of the hippocampus, the hippocampus was rolled out using the
flat surface of a microscalpel and the underlying LV ChP was separated from the
hippocampus/fornix. 3V ChP: The dorsal midline of the midbrain was exposed and 3V ChP
was isolated. Specific to adult brain, flushing the midline region with 1xHBSS helped
visualize the ChP, which was identifiable by a blood vessel running along its rostro-caudal
axis. The adult 3V ChP extends ventrally and rostrally, ultimately connecting to the ventral
base of the LV ChP. 4V ChP: Hindbrain was separated from the brain. The cisterna magna
was exposed by gently guiding away the developing or mature cerebellum to expose the 4V
ChP.

FACS purification of healthy embryonic cells—LV, 3V and 4V ChP of three litters of
embryonic E16.5 embryos were rapidly dissected and pooled together in dissecting medium
(HBSS+0.6% Glucose+1xPen/Strep+Filtered medium 0.22 filter) (Corning, Cat:21-023-CV)
+ glucose (Sigma, Cat:7021-100G). Dissected ChPs were spun down at 300xG for 3 min. in
a centrifuge at 4°C. Whole ChP was dissociated enzymatically by preparing fresh solution of
collagenase Il (Gibco, 17101-015) supplemented with 3 mM calcium (Sigma, C3881). Next,
CP was tapped and flicked 30 times and incubated at 37°C incubator 3 consecutive times
every 5 minutes over 15 minutes. The enzymatic solution with digested ChP tissue was then
diluted using 1xHBSS, followed by pelleting down cells at 300xG for 3 mins at 4°C.
TrypLE (Life Technologies, TrypLE, Catalog: 12604) was then added and samples were
incubated for 5 min at 37°C followed by trituration using a micropipette. Samples were
finally washed with ChP epithelial cell (CPEC) medium (DMEM+10%FBS+1xPen/strep)
and resuspended in 1XHBSS + glucose + LIVE/DEAD staining kit (ThermoFisher, Catalog:
L-3; 224). Live cells identified by green fluorescence (calcein-AM) (LifeTechnologies,
Catalog L3224A) and lack of EtD-1 homodimer staining (L3224B) were selected and sorted
by a MoFlo Astrios cell sorter (Beckman Coulter) into 500 pl filled into dissecting medium.

Single cell RNA-seq—Single cells were processed through the 10X Genomics Single
Cell 3' platform using the Chromium Single Cell 3" Library & Gel Bead Kit V1 and V2 kit
(10X Genomics), as per the manufacturer’s protocol. Briefly, 7,000 cells were loaded on
each channel and partitioned into Gel Beads in Emulsion in the Chromium instrument where
cell lysis and barcoding occur. This step was followed by amplification, fragmentation,
adaptor ligation, and index library PCR. Libraries were sequenced on an Illumina HiSeqX at
a read length of 98 base pairs.

Single nucleus RNA-seg—Tissues were minced in 50 pl of CST lysis buffer [10 mM
Tris, 146 mM NaCl, 1 mM CaCls,, 21 mM MgCls, 0.1% CHAPS, 40 U/mL of RNAse
inhibitor] in an eppendorf tube for 10 minutes. Volume in the tube was raised by addition of
1 mL CST lysis buffer and then transferred to a 15 mL conical tube on ice. The eppendorf
tube was rinsed with 1 mL CST lysis buffer and the volume was added to the 15 mL conical
tube. The nuclei suspension was diluted to 5 mL with ST buffer [10 mM Tris, 146 mM
NaCl, 1 mM CaCl,, 21 mM MgCly,, 40 U/mL of RNAse inhibitor] and filtered through a 20
um filter into a 15 mL conical tube prior to centrifugation at 500G for 5 minutes at 4°C in a
swing bucket centrifuge. Nuclei pellets were then resuspended in ST [10 mM Tris; 146 mM
NaCl; 1mM CaCly; 21 mM MgCls,; 40U/mL of RNase Inhibitor] for a final volume of ~100
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ul. Samples were normalized, pooled and filtered prior to loading 10X at a total of 10,000
nuclei per channel, which were run on the 10X Single Cell RNA-Seq Platform using the
Chromium Single Cell 3° Reagent Kits v3. Libraries were made following the
manufacturer’s protocol. Briefly, single nuclei were partitioned into nanoliter scale Gel
Bead-In-EMulsion (GEMS) in the Chromium controller instrument where cDNA share a
common 10X barcode from the bead. Amplified cDNA was measured by Qubit HS DNA
assay (Thermo Fisher Scientific: Q32851) and quality assessed by BioAnalyzer (Agilent:
5067-4626). This Whole Transcriptome Amplified (WTA) material was processed through
3’ V3 library construction, and resulting libraries were quantified again by Qubit and
BioAnalzyer. Libraries from 4 channels were pooled and sequenced on 1 lane of Illumina
HiSeqgX by the Broad’s Genomics Platform, for a target coverage of around 1 million reads
per channel.

Tissue fixation and processing—Dissected ChP were fixed in 4% paraformaldehyde
(in 1X phosphate-buffered saline, pH 7.4). For microtome sectioning, embryonic brains were
drop fixed in 4% paraformaldehyde, and incubated in the following series of solutions in 1X
phosphate-buffered saline: 10% sucrose, 20% sucrose, 30% sucrose, 1:1 mixture of 30%
sucrose and Optimal Cutting Temperature (OCT) compound (overnight) and finally in OCT
compound alone (1 hour). Samples were then frozen in OCT compound.

Immunohistochemical analysis—Cryosections were permeabilized with 0.1% Triton
X-100 in phosphate-buffered saline, incubated with primary antibodies overnight, and
incubated with secondary antibodies for 2 hours. Sections were counterstained with Hoechst
33342 (Thermo Fisher Scientific) and mounted on slides using Fluoromount-G
(SouthernBiotech, Birmingham, AL).

For Ki67 staining, an antigen retrieval step was included: A food steamer (catalog number
5712, Oster, Boca Raton, FL) was filled with water and preheated until the chamber
temperature reached 100°C; sections were then immersed in boiling citric acid buffer (10
mmol/L sodium citrate, 0.05% Tween 20, pH 6) and placed in the steamer for 20 min.
Sections were then cooled to room temperature.

Antibodies and probes—We used the following antibodies: Rabbit anti-5-HT (1:3000,
S5545, Sigma), Mouse anti-AQP1 (1:100, sc-32737, Santa Cruz), Goat anti-ACE2 (1:250,
AF3437, R&D Systems), Mouse anti-ACTA2-Cy3 (1:200, C6198, Sigma); Rabbit anti-
CCDC67 (1:500, 24579-1-AP, Proteintech), Rat anti-CD74-488 (1:100, 151005, Biolegend),
Rat anti-CD31/PECAML1 (1:200, 550274, BD Pharmingen), Goat anti-CD62P/P-Selectin
(1:100, AF737, R&D Systems), Mouse anti-CLDN5-488 (1:400, 331588, Invitrogen),
Rabbit anti-COL1A1 (1:250, AB34710, Abcam), Goat Anti-ESM1 (1:250, AF1999, R&D
Systems), Chicken anti-GFP (1:250, ab13970, Abcam), Rabbit anti-GFAP (1: 250, Z0334,
Dako), Hamster anti-1L1B (1:100, 503513, Biolegend), Goat anti-IL1R1 (1: 200, AF771,
R&D Systems), Rabbit anti-IBA1 (1:250, 019-19741, Wako), Mouse anti-K167 (1:50,
550609, BD Pharmingen), Rat anti-K167 (1:250, 14-5698-80, ThermoFisher), Goat anti-
LYVE1 (1:300, AF2125, R&D Systems), Rabbit anti-MRC1/CD206 (1:250, ab64693,
Abcam), Goat anti-NRP1 (1:250, AF566, R&D Systems), Rabbit anti-PAX6 (1:500, ab2237,
Millipore), Rat anti-SPI11/PU.1 (1:250, MAB7124-SP, Novus), Rabbit anti-SPIC (1:35,
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PA5-67537, ThermoFisher), Rabbit anti-SHISA8 (1:500, ab188621, Abcam), Rabbit anti-
SLC40AL1 (1:250, MTP11-A, Alpha Diagnostic International), Mouse anti-TUBB3 (1:100,
801202, Biolegend), Mouse anti-Acetylated Tubulin (1:250, T6793, Sigma), Rabbit anti-
VWEF (1:200, MA5-14029, ThermoFisher), Rat anti-WNT5A (1:250, MAB645, R&D
Systems). Mouse anti-Z0O1 (1:100, 33-9100, ThermoFisher).

We used the following RNAscope probes: Axin2 (mm-Axin2-C3, Ref: 400331-C3), FoxJI
(mm-FoxJ1, Ref: 317091), /ns2 (mm-Ins2-C2, Ref: 310751-C2), Rspol (mm-Rspol, Ref:
401991), Rspo2 (mm-Rspo2, Ref: 402001-C2), Rspo3 (mm-Rspol, Ref: 402011-C3), Wnt1
(mm-Wntl, Ref: 401091), Wnt2b (mm-Wnt2b-C2, Ref: 405031-C2), Wnt3a (mm-Wnt3a,
Ref: 405041), Wnt5a (mm-Wnt5a-C3, Ref: 316791-C3),.

Whole explant and cortical section RNAscope in situ hybridization and
immunohistochemistry—LYV, 3V, and 4V ChP explants were dissected at E16.5 and
fixed with 4% paraformaldehyde (PFA) for 10 min. at room temperature (RT) in a 9-well
glass plate before beginning the manufacturer’s provided protocol for RNAscope
Fluorescent Multiplex (ACD). Free-floating explants were incubated with Target Retrieval
Reagent (ACD) in a steamer for 12 min. Subsequently, explants were washed 3x3 min. in
double distilled water prior to incubation with Protease |1l Reagent (ACD) for 8 min. at
40°C, followed by another 3x3 min. wash cycle in double distilled water. Target Probes
(ACD) were then hybridized and amplified according to the manufacturer’s specifications.
Following hybridization, immunohistochemical staining was performed in a subset of
explants and described above. For RNAscope and IHC of cortical sections used in confetti
experiments, 14 um cryosections were prepared. After isolation, embryos were immediately
transferred and kept in fresh 4% PFA for 2 hours, washed briefly in ice cold PBS, incubated
overnight in 30% sucrose solution, and frozen at —80°C. Transcripts were detected using the
RNAscope 2.0 assay for fresh frozen tissue (Advanced Cell Diagnostics). Probes were
designed and provided by Advanced Cell Diagnostics, Inc. Staining was performed using the
RNAscope protocol according to the manufacturer’s instructions for fresh frozen sections
processing (Wang et al., 2012, Kaiser et al., 2019). For immunostaining in confetti
experiments, all sections underwent antigen retrieval by short boiling in the microwave
followed by 15 min. incubation in 86°C pre-warmed water bath using antigen retrieval
solution. Sections were washed in PBT (PBS with 0,5% Tween-20) and blocked in PBTA
(PBS, 5% donkey serum, 0,3% Triton X-100, 1% BSA). Samples were incubated overnight
at 4°C with primary antibodies diluted in PBTA. Following washes in PBT, samples were
incubated with corresponding Alexa Fluor secondary antibodies for 1 hour at RT, followed
by 5 min. incubation at RT with DAPI. Finally, samples were mounted and analyzed using
Zeiss LSM 800 confocal microscope or Zeiss LSM 880 Airyscan for the analysis of the
Confetti embryos. For the TUBB3 staining combined with /n situ hybridization RNAscope
analysis, the antigen retrieval step was excluded and the sections were washed using PBS
followed by overnight incubation at 4°C with primary antibody in PBS containing 0.5%
Triton X-100. Allen Brain Atlas (Lein et al., 2007) and Genepaint (Visel et al., 2004) were
used to obtain /n situ hybridization images of transcript localization within embryonic and
adult brains.
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Transmission electron microscopy—LV ChP was micro-dissected in HBSS (Thermo
Fisher Scientific) and drop-fixed immediately in FGP fixative (5% Glutaraldehyde, 2.5%
Paraformaldehyde and 0.06% picric acid in 0.2 M sodium cacodylate buffer, pH 7.4). After 2
hours at RT, the tissue was washed in 0.1M cacodylate buffer and postfixed with 1%
Osmiumtetroxide (OsQ,4)/1.5% Potassiumferrocyanide (KFeCNg) for 1 hour, washed twice
in water, washed once in 50mM Maleate buffer pH 5.15 (MB), incubated in 1% uranyl
acetate in MB for 1 hour followed by one wash in MB, 2 washes in water, and subsequent
dehydration in alcohol (10 min each; 50%, 70%, 90%, 2x10 min 100%). The samples were
then put in propyleneoxide for 1 hour and infiltrated ON in a 1:1 mixture of propyleneoxide
and TAAB Epon (TAAB Laboratories Equipment Ltd, https://taab.co.uk). The following
day, the samples were embedded in TAAB Epon and polymerized at 60°C for 48 hours.
Ultrathin sections (about 80 nm) were cut on a Reichert Ultracut-S microtome, picked up on
to copper grids stained with lead citrate. Images were acquired with a JEOL 1200EX
transmission electron microscope, and recorded with an AMT 2k CCD camera (Biological
Electron Microscopy Facility, Harvard Medical School).

Scanning electron microscopy—LV ChP was micro-dissected in HBSS (Thermo
Fisher Scientific) and drop-fixed immediately in FGP fixative (5% Glutaraldehyde, 2.5%
Paraformaldehyde and 0.06% picric acid in 0.2 M sodium cacodylate buffer, pH 7.4). Post-
fixation was performed in 1% osmium tetroxide in 0.1M sodium cacodylate buffer for 1
hour. This step was followed by rinsing in 0.1M sodium cacodylate buffer 3 times 15 min.
each. The samples were dehydrated in a graded series of ethanol to 100% and dried using a
Tousimis PVT-3D critical point dryer (Tousimis Research Corp., Rockville, MD). The dried
samples were then attached to sample mounts using double sided conductive carbon
adhesive tabs and sputter coated with 5 nm of platinum with a Cressington 208HR sputter
coater (Cressington Scientific Instruments, Walford, UK). SEM images were acquired on a
Hitachi S-4800 FE-SEM (Hitachi Ltd., Tokyo, Japan).

Hematoxylin and Eosin (H&E) staining—~Paraffin-embedded brains were sectioned to
a thickness of 5 pm. The sections were deparaffinized in xylene and then rehydrated via
successive incubations in 100% ethanol, 95% ethanol, and water. Sections were incubated in
Gill 3 hematoxylin (Sigma Aldrich, St. Louis, MO) for 2 min., followed by a 5-second
incubation in 0.5% ammonia water to increase the contrast of the hematoxylin stain. Next,
sections were rinsed in water and incubated in 1% alcoholic eosin for 3 min. Finally,
sections were dehydrated via successive incubations in 95% ethanol and 100% ethanol, and
mounted using Permount (Thermo Fisher Scientific).

Regionalized proliferation in the LV ChP—Tissue was stained with KI67 and Hoechst
and imaged using laser scanning confocal microscopy with tiling function (LSM 710, Zeiss).
The tissue images were divided into three equal regions along the dorso-ventral: (1) brain-
proximal, (2) -medial, and (3) -distal regions. Nuclei were identified by Hoechst staining and
proliferating cells were identified by overlapped KI67 staining. Percent proliferating cells
were counted in each region. A total of four independent explants were quantified. Multiple
comparisons ANOVA was employed using statistical software package Graphpad PRISM.
Data are represented as mean = SEM. £< 0.05 was considered significant.
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Pre-processing of droplet-based scRNA-seq—De-multiplexing, alignment to the
mmZ10 transcriptome and unique molecular identifier (UMI)-collapsing were performed
using the CellRanger toolkit from 10X Genomics (version 1.1.0 for the first batch of
embryonic sScRNA-seq, which used V1 chemistry, and version 2.0. for experiments in batch
two and batch three, which used 10x Genomics V2 chemistry). For each cell, we quantified
the number of genes for which at least one read was mapped, and then excluded all cells
with fewer than 500 detected genes. Since the total number of UMI and genes detected
varies across cell types (Figure S1A), we further excluded epithelial cells with fewer than
10,000 total UMI and mesenchymal cells with fewer than 6,000 total UMIs. Genes that were
detected in less than 5 cells were excluded. Expression values £;;for gene 7in cell jwere
calculated by dividing UMI counts for gene /by the sum of the UMI counts in cell /, to
normalize for differences in coverage, and then multiplying by 10,000 to create TPM-like
values (TP10K), and finally computing log,(TP10K + 1). Batch correction was performed
for each cell type separately using ComBat as implemented in the R package sva (Leek et
al., 2012), using the default parametric adjustment mode. The output was a corrected
expression matrix, which was used as an input to further analysis.

Pre-processing of droplet-based snRNA-seq data—De-multiplexing, alignment to
the mm10 transcriptome with retained intronic regions (mm210_premrna_v1.2.0) and UMI-
collapsing were performed using the CellRanger toolkit (version 3.1.0, V3 chemistry) from
10X Genomics. To address ambient (background) RNA and other confounders we applied
CellBender (Fleming et al., 2019) to each sample separately with expected number of nuclei
ranging between ~4,500 and ~8,000, depending on the sample, 15,000 total droplets
included for the analysis and 200 epochs. For each nucleus, we quantified the number of
genes for which at least one read was mapped, and then excluded all nuclei with fewer than
500 detected genes, or 200 detected genes for immune cell nuclei. Furthermore, we excluded
nuclei that had more than 10% of total UMI’s mapped to mitochondrial genes. Genes that
were detected in less than 10 nuclei were excluded. Expression values £;;for gene 7in
nucleus jwere calculated by dividing UMI counts for gene 7by the sum of the UMI counts
in nucleus j, to normalize for differences in coverage, and then multiplying by 10,000 to
create TPM-like values (TP10K), and finally computing log,(TP10K + 1).

Identifying variable genes—Selection of variable genes was performed by fitting a
logistic regression model to the cellular detection fraction (often referred to as a), using the
total number of UMIs per cell/nucleus as a predictor as in (Montoro et al., 2018). Outliers
from this curve are genes that are expressed in a lower fraction of cells/nuclei than would be
expected given the total number of UMIs mapping to that gene, that is, likely cell-type or
state-specific genes. We used a threshold of deviance between <—0.15 and <-0.3. For the
embryonic scRNA-seq data, if there were enough cells from all three batches, variable genes
were calculated within each batch, and only the intersection of variable genes in each batch
were taken for downstream analysis. This was the case when analyzing all cells (Figure 1C),
and epithelial and mesenchymal cells. Batch was ignored for computing variable genes for
immune, endothelial and neuro-/glia-like cells. Batch was ignored for all SnRNA-Seq data.
We restricted the expression matrix to this subset of variable genes and values were centered
and scaled and capped at a z-score of 10.
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Dimensionality reduction using PCA and visualization using t-SNE or UMAP—
We restricted the expression matrix to the subsets of variable genes and high-quality cells/
nuclei noted above, and then centered and scaled values before inputting them into principal
component analysis (PCA), implemented using ‘RunPCA’ in Seurat which runs the /r/ba
function. For the snRNA-seq data, which included mixed sexes, we removed Y-chromosome
and X-inactivation genes (Xist, 7six) from the variable genes prior to running PCA. The cell
embeddings were either the singular vectors themselves or the singular vectors multiplied
with the singular values depending on the cell type. After PCA, significant principal
components were identified using the elbow-method, when looking at the distribution of
singular values. Scores from only those significant principal components were used as the
input to further analysis. For visualization purposes, the dimensionality of the datasets was
further reduced to 2D embeddings using t-SNE (for scRNA-seq) (Van Der Maaten and
Hinton, 2008) or UMAP (Becht et al., 2019) (for snRNA-seq) on the significant PCs using,
respectively, the RunTSNE() or RunUMAP() functions of the Seurat package in R.

Clustering and removing doublets in scRNA-seq data—To cluster single cells by
their expression, we used an unsupervised clustering approach, based on the Infomap graph-
clustering algorithm (Girvan and Newman, 2002). In brief, we constructed a A-nearest-
neighbor graph on the data using, for each pair of cells, the Euclidean distance between the
scores of significant principal components to identify & nearest neighbors. The parameter &
was chosen to be consistent with the size of the dataset. Specifically, A was set to 40 for
neuronal/glia-like cells and to 20 for immune cells, for which subclusters of macrophages
were post-hoc merged together based on expression of canonical markers. The nearest-
neighbor graph was computed using the function nng from the R package cccd. The k-
nearest-neighbor graph was then used as the input to Infomap (Girvan and Newman, 2002),
implemented using the /nfomap.community function from the igraph R package. For major
cell types (Figure 1C), clusters were post-hoc merged to six major cell populations using
canonical markers for all cell types detected.

Doublets were clearly identifiable as forming their own clusters with dual expression of
marker genes of distinct subsets (e.g., epithelial genes and endothelial genes) and were
removed from further analysis and any visualizations.

Removing doublets in snRNA-seq data—Nucleus doublets were identified using the
R package DoubletFinder (version DoubletFinder_2.0.2, (McGinnis et al., 2019). Briefly,
artificial doublets are generated from the data, and for each real data point the fraction of
artificial doublets of the nearest neighbors in a latent space is computed. If this fraction is
above a certain cutoff, the data point is considered to be a doublet. Doublets were calculated
for each sample separately after initial data filtering by genes detected and mitochondrial
gene expression as per instructions. For each sample, an optimal pK (defines the PC
neighborhood size) was chosen by computing a parameter sweep (paramSweep_v3 function)
and a pK was chosen that maximized the BCmvn (mean-variance-normalized bimodality
coefficient). Doublets were then calculated using the function doubletFinder_v3() with
parameters; PCs=1:30, pN=0.25, nEXP=15% of cells in sample and removed from
downstream analysis.
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Scoring cells using signature gene sets—In order to score cells using a gene sets,
such as cell cycle (Figure 2A) or arterial / venous gene expression (Figure S5A), we
calculate the following gene signature score: Mean program expression was calculated by
averaging over the genes in each program of the centered and scaled gene expression table
and transforming to a z-score over 1,000 randomly selected gene sets with matched mean-
variance patterns. First, genes were grouped into 10 bins based on their mean expression,
and into 10 (separate) bins based on their variance of expression across all cells. Given a list
of genes (e.g. genes in a program), a cell-specific signature score was computed for each cell
as follows: First, 1,000 random gene lists were generated, where each instance of a random
gene-list was generated by sampling (with replacement) for each gene in the gene-list a gene
from the equivalent mean and variance bin it was placed in. Then, the sum of centered and
scaled gene expression in the given cell was computed for all 1000 random gene-lists
generated and the z-score of the original gene-list for the generated 1,000 sample
distribution is returned, as in (Singer et al., 2016). For cycling cells, cells with a z-score
above 2 were classified as cycling cells.

Topic modeling—We performed topic modeling using Latent Dirichlet Allocation (LDA).
LDA was computed on epithelial, mesenchymal and endothelial cells separately in the
embryo, and on epithelial cells in adult. Specifically, we used the FitGoM() function from
the CountClust R package (Dey et al., 2017) to fit LDA topic models to the UMI counts
(Bielecki et al., 2021). To improve topic signals, genes expressed in more than 98% of cells
or less than 2% of cells were removed from the count matrix prior to fitting the topic models
(analogous to the removal of highly abundant words or extremely rare words in document
analysis), except for endothelial cells. The number of topics to fit (K) and the tolerance value
are required to run FitGoM() function. Thus, for each cell type and developmental status, we
fit a range of K and tolerance values and picked values that gave us robust topics and where
we mostly saturated the number of informative topics found. For the embryo data, this was
achieved with a tolerance of 0.1, and a K of 16 for endothelial cells, K of 26 for epithelial
and mesenchymal cells, and K of 14 and tolerance of 0.01 for adult epithelial nuclei. The top
genes to highlight for each topic were selected using the ExtractTopFeatures() function.
Topics were annotated post-hoc. Notably, in the analysis of epithelial cells, one topic was
enriched for immediate early genes (Topic 19, Figure S3B,C) and may reflect a response to
tissue dissociation (van den Brink et al., 2017) because it was reduced in single nucleus
profiles (Lacar et al., 2016) (Figure S3D).

Defining cell-type or cluster signatures—Differential expression between cell types
in SCRNA-Seq of embryo (Figure 1) and between clusters of immune cells and neuro-/glia-
like cells in sSCRNA-Seq was performed using MAST (Finak et al., 2015), which fits a hurdle
model to the expression of each gene, consisting of logistic regression for the zero
component (7.e. whether the gene is expressed) and linear regression for the continuous
component (/.e. the expression level). The regression model includes terms to capture the
effects of the cell subset or cluster, while controlling for cell complexity (/.e. the total
number of UMIs (nUMI)). Specifically, we used the regression formula, Yi ~ X + N, where
Yi is the standardized log,(TP10K+1) expression vector for gene 7across all cells, X is a
factor variable reflecting cell subset or cluster membership, N is the scaled nUMI in each

Cell. Author manuscript; available in PMC 2022 May 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dani et al.

Page 22

cell. In all cases, the discrete and continuous coefficients of the model were retrieved and p-
values were calculated using the likelihood ratio test in MAST. Q-values were estimated
using the Benjamini-Hochberg correction. In order to identify cell-type specific or cluster
specific markers, an FDR cutoff for the hurdle model was chosen using the elbow-method
and a small mastfc cutoff to exclude genes with very small effect sizes. If a gene passed the
FDR and the mastfc cutoff in only one cluster / cell type, it was considered to be specific.

Cell type classification of scRNA-seq dataset using snRNA-seq dataset of
embryo—To compare embryo scRNA-seq dataset to embryo snRNA-seq, a random forest
classifier was used from the R package ‘randomForest’. First, common variable genes were
computed between the two datasets by taking the intersection of the variable genes in each
dataset. Then, the classifier was trained on the scaled expression matrix of the common
variable genes in the embryo snRNA-seq dataset. The out-of-bag error was 1.7%. The
classifier then ran on the scaled expression matrix of the common variable genes in the
embryo scRNA-seq dataset. We then compared the predicted cell type assignment of the
random forest classifier to our own cell type assignment shown in Figure 1C.

Diffusion map—~For diffusion analysis of embryo epithelial and neuronal cells, we
selected cells from only 3V ChP, where most neuronal and glial cells were sampled from,
and only from replicate 3, because of strong batch effects between replicates. Furthermore,
the epithelial cell clusters scoring highly for IEG genes (Figure S2D) and oligodendrocyte
precursor cells were also excluded from this analysis. Of the remaining cells, variable genes
were computed as described above. Diffusion components were calculated on a gene
expression matrix limited to variable genes within the selected cells (not correcting for
batch). Diffusion components were calculated using the DiffusionMap function from the
destiny package in R (Angerer et al., 2016) with a k of 30 and a local sigma.

For macrophages, cells of replicate 3 were excluded for this analysis because they had very
high expression of mitochondrial genes. Diffusion components were calculated as above on
a gene expression matrix limited to variable genes within the macrophages (not correcting
for batch) with a k of 20 and a local sigma.

RNA Velocity analysis of epithelial-neuronal trajectory—To study the inferred
trajectory of epithelial-neuronal differentiation (Figure 2), RNA velocity analysis was
performed, which compares reads mapped to exonic versus intronic regions to assess the
future transcriptional state of the cell. We ran the function gene.relative.velocity.estimates()
of the velocyto package in R on the cells used in the trajectory analysis in Figure 2 and
variable genes as described above. We used the 1-correlation of the first 16 diffusion
components as a cell distance measure, and deltaT=1, kCells=25, fit.quantile=0.02. The
RNA velocity vectors were visualized on the trajectory embedding from the diffusion
analysis.

Pseudo-bulk analysis of epithelial and fibroblast cells to test for significantly
differentially expressed genes between age and ventricle—To conservatively
identify high confidence genes that vary with age and/or ventricle, we performed pseudo-
bulk analysis for epithelial cells and fibroblast (excluding meningeal cells, pericytes and
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vSMCs). To that end, all UMIs were summed within each sample of a specific age and
ventricle. Because the samples consisted of pooled mice from both sexes, the fraction of
male genes expression in each sample was normalized by the sum of all UMIs from y-
chromosome genes (by introducing a covariate was termed tUMI.ygens). Then, we
performed differential expression analysis using DESeq?2 package in R, where the data was
the total UMIs as described above per sample. The expression modeling was ‘~
tUMI.ygenes + Stage + Ventricle + Stage:Ventricle, where Stage denotes pre- or post-natal
(including both adult and aged samples). A separate DESeq?2 analysis was performed for
testing for differentially expressed genes between Adult and Aged, with a likelihood-ratio
test against a reduced model of ‘~tUMI.ygenes + Ventricle’ to identify age-effects (adjusted
p-value cutoff used by elbow method was 10~° for epithelial cells and fibroblast) or
‘~tUMl.ygenes + Stage’ to identify regionalized genes (adjusted p-value cutoff used by
elbow method:; Epithelial = 1071°, Fibroblast = 1073) and required the absolute
log2FoldChange to be >1 to filter out genes with significant but small effect size. For
visualization of the significantly differentially expressed genes, normalized values of these
pseudo-bulk samples were scaled, and capped at an absolute z-score of 2.5.

Cell-cell interactions—To quantify cell-cell interactions between major cell types across
age, we used CellPhoneDB (Efremova et al., 2020) on all cells of embryo, adult and aged
ChP separately. In short, this method computes the average expression of a ligand-receptor
pair for each pair of cell type provided as a meta file. It then computes an empirical p-value
to the specificity of this interaction by permuting cell types identity 1,000 times and
comparing the real average expression against this null distribution. As CellPhoneDB is
developed for human ligand-cognate receptor pairs, gene names were converted to their
human homolog, removing genes for which no one-to-one human homolog could be
associated.

Significant cell-type pair ligand-receptor interactions were used as edges for a directed cell-
cell interaction graph. For pairs lacking clear ligand and receptor notations, we could not
infer the directionality of the interaction by the annotation, and thus the directionality of the
edge was determined by the CellPhoneDB annotation (given that the statistical significance
assigned to each pair of cells has a clear direction). Next, to calculate the statistical
significance of the strength of estimated interaction between pairs of cell types (in a specific
age and ventricle), we performed two types of permutation tests — in each test we perform
10,000 permutations and calculate an empirical p-value for the number of interactions found
for a pair of cell types. The tests were: (1) maintaining the total number of edges and
randomizing the ligand- and receptor-cell type assignments; and (2) maintaining the total
number of edges per each cell type (the degree of the nodes) and permutating the cell type
source and destination of the edge (the ligand-receptor pair).

Differential interaction graphs, over different ages or ventricles were constructed based on
the unique edges of each dataset. We define a differential edge, as a ligand-receptor pair that
were found to be both statistically significant expressed in the respective pair of cell types
under one condition (age and ventricle) but not in another condition compared to it. A
similar permutation strategy was used to compute an empirical p-value for the differential
interaction graphs.
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To visualize interaction graphs, we used Sankey plots, using the Sankey Network function of
the networkD3 package, showing the number of edges between ligand expressing- and
receptor expressing cell types. We combined two Sankey plots to show the differential
graphs between two conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Single cell and single nucleus RNA-Seq of embryonic, adult, and aged ChPs.
(A) E16.5 brain and ChP from each ventricle in E16.5, adult, and aged brain. Arrows:

anterior-posterior (A/P), dorso-ventral (D/V) and medial-lateral (M/L) axes. (B) Workflow.
(C) Major cell types of E16.5 ChP. T-SNE of 15,620 single cell profiles (n = 9 mice, in pools
of 3 animals per ventricle), colored by post foc annotated cell type. (D) TUBB3-positive
neurons (arrowheads) in E16.5 LV ChP. Inset a&: High-magnification image. Schematic:
dotted outline denotes region shown by immunostaining. Arrows: A/P and D/V axes. (E)
Major cell type markers expressed in ChP. Top. H&E; bottorr. Epithelial (AQP1),
endothelial (PECAM1), mesenchymal (COL1A1) and immune cell (SPI1, arrowheads)
immunostaining; Hoechst counterstain. (F) Major cell types of E16.5, adult, and aged ChP.
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UMAP of 83,040 single nucleus profiles (SnRNA-seq, n=17 mice. 2-4 animals per replicate
of LV, 3V and 4V ChP from E16.5, adult and aged mice), colored by post hoc annotated cell
type. (G-H) UMAP as in F, colored by ventricle (in G) or age (in H). (I) Cell type marker
genes by snRNA-seq. Median expression level in expressing cells (color) and proportion of
expressing cells (circle size) of selected genes (rows) in each major cell population
(columns). See also Figure S1.
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Figure 2. Epithelial differentiation trajectory reveals progenitor and ciliogenesis programs of
ChP epithelial cells during development.

(A) Embryonic neuronal and glia-like cell subsets. T-SNE of embryonic neuronal and glia-
like single cell profiles (scRNA-seq, 955 cells). (B) Diffusion map embedding (components
1 and 3) of neuronal, glia-like and epithelial cell profiles (dots) from 3V ChP, colored by
logy(TP10K+1) expression of marker genes of neurons ( 7Tubb3), progenitors (Pax6, Rspo?),
cycling (Mki67), ciliogenesis (Ccdc67), and mature epithelial (Krt18) cells. Right.
Suggested differentiation trajectories. (C) Schematic of embryonic hindbrain; upper rhombic
lip (URL), lower rhombic lip (LRL). Dotted box: area shown in panels (D-K). (D)
Proliferating (K167) progenitors (PAX6) in URL. (E) SmFISH markers of progenitors
(RspoZ2, Rspo3) and Wnt1. (F) SmFISH of Whtland FoxJ1. (G) High magnification image
of (F). (H) Confetti-labeling schematic. (1) E16.5 hindbrain region from Wnt1-CRE2
crossed with Confetti mouse shows distribution of WnitZ-derived cells. (J) WhitZ-derived
cRFP or mCFP epithelial cells adjacent to URL. (K) WhtI-derived cRFP and TUBB3
neurons in URL with DAPI. Inset: split cRFP (fgp) and TUBB3 (bottom). (L) Confetti
labeled cells in 3V ChP. (M) Proliferating cells enriched at LV ChP base. Left. BrdU
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labeling; Middle: ISH of Ccdc67; Right. AQP1. (N) Left Scanning EM of multi-ciliated
epithelial cell. Right: Median expression level in expressing cells (color) and proportion of
expressing cells (circle size) of markers of ciliogenesis (columns) in ciliogenic (developing)
and mature epithelial cells (rows). (O) Left. LV ChP immunostained for Ac-Tubulin and
CCDC67/DEUPL. Middle and right. Ac-Tubulin with CCDC67 (middle) or SHISAS (right).
(P) Schematic: LV ChP maturation regions. (Q-R) Spatial mapping of maturation domains
in 3V and 4V ChP marked by progenitors (Rspo2), ciliogenesis (Ccdc67), differentiated
epithelial cells (Krt18) (Genepaint). Schematic: ChP regions with maturing epithelial cells.
See also Figure S2.
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Figure 3. Regionalized epithelial transcriptional programs across ventricles and ages.
(A) Distinct embryonic epithelial cells clusters by ventricle. T-SNE of embryonic epithelial

cell profiles (dots, sSCRNA-seq), colored by ventricle. (B) For each ventricle associated topic,
shown is a bar plot of topic scores for top ranked genes (/eff), and t-SNE of the single cell
profiles (as in A) colored by topic’s weight per cell (righf). (C-D) Regionalized genes in
embryonic epithelial cells across ventricles. (C) Distribution of logo(TP10K+1) expression
of each gene across ventricles. (D) 7ogp rows. Regionalized mRNA expression from
Genepaint. Bottom row. Ins2smFISH. (E) Regionalized mRNA expression from Genepaint
in 4V ChP with schematic. (F-G) T-SNE of single epithelial nucleus profiles colored by age
(in F) or ventricle (in G). (H) Expression level scaled per gene (color scale) of transport and
secretion genes, differential across ages (FDR<0.01) (see also (Xu et al., 2021) . (1-J)
Heatmap of snRNA-seq data of differentially expressed genes across ventricles (FDR<0.01)
that are age-invariant (I) or age-dependent (J). Scaled expression level per gene (columns).
Leftcolor bar: ventricle. Rightcolor bar: Age. (K-L) Age-dependent genes (SnRNA-seq,
FDR<0.01) between embryonic and mature (adult and aged, in K) or between adult and
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aged (in L). Average expression per sample across ventricles, scaled per gene (rows). Right.
Enriched pathways per age-signature (hypergeometric p-value). See Figure S3.
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Figure 4. Regionalized mesenchymal transcriptional programs across ventricles and ages.
(A) Embryonic mesenchymal cells largely cluster by ventricle. T-SNE of embryonic

mesenchymal cell profiles (dots) colored by ventricle. (B) Ventricle associated topics with a
mesenchymal subtype: a bar plot of topic scores for top ranked genes (/ef?), and t-SNE (as in
A) colored by topic’s weight per cell (righi) (topics associated with cycling cells in Figure
S4B). (C-E) T-SNE of mesenchymal single nucleus profiles (dots), colored by cell type (C),
age (D), and ventricle (E), and log,(TP10K+1) expression of pericyte markers Rgs5and Des
(F). (G-H) Heatmap of snRNA-seq data of differentially expressed mesenchymal genes
across ventricles (FDR<0.01) that are age-invariant (G) or age-dependent (H). Scaled
expression level per gene (columns). Left color bar: ventricle. Right color bar: Age. (1) Age-
dependent genes (SnRNA-seq, FDR<0.01) between embryonic and mature (adult and aged).
Average expression per sample across ventricles, scaled per gene (rows). Right. Enriched
pathways per age-signature (hypergeometric p-value). (J) SARS-CoV-2 cell entry and
associated genes in embryonic scRNA-seq (/eff) and snRNA-seq (right). Median expression
level in expressing cells (color) and proportion of expressing cells (circle size) of markers
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(rows) across cell types (columns). (K) ACE2 expression in mesenchymal cells (COL1A1+)
in 4V ChP. Coarse/fine dotted lines indicate apical/basal boundaries of epithelia. Arrowhead:
ACE2+ cells. (L) ACE2 in adult epithelial cells (AQP1). Dotted line: base of epithelial cell.
Arrowhead: stromal cell. Arrow: epithelial cell. (M) NRP1 expression in mesenchymal cells
(COL1AL1). See also Figure S4.
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Figure 5. Immune cell diversity and macrophage niches within and across ChP
(A) Embryonic immune cell subsets in the ChP. T-SNE of embryonic immune single cell

profiles, colored by cluster. (B) Median expression level in expressing cells (color) and
proportion of expressing cells (circle size) of selected marker genes (columns) across
immune cell subsets (rows). (C) Embryonic macrophage diversity. Diffusion map
embedding of single cell macrophages, colored by log,(TP10K+1) expression of general
macrophage marker (Cx3crI) or of state specific genes (Lyvel, Sppl, Slc40al, Spic). (D)
Cx3cr1*/GFP mouse LV ChP immunostained with PECAML1 (red) and Hoechst (blue).
Arrowhead: epiplexus cells. Dotted line: ChP apical surface. (E-F) Cx3cr1*/GFP LV ChP
explant immunostained with PECAML1. (F) SLC40A1/FPN+ macrophages (arrowheads)
along blood vessels. (G) Left. LYVE1+ epiplexus macrophages. Right. cross section at
positions indicated by letters a, b and ¢ in main panel. Arrows: stromal ChP macrophages.
(H) UMAP of single immune nucleus profiles (dots), colored by immune cell type identity.
(1) Volcano plot comparing embryonic to mature macrophages (SnRNA-seq). (J) T-SNE of
single immune nuclei (dots) colored by log,(TP10K+1) expression of genes marking
macrophages (Cx3crl), embryonically enriched gene (Mrc1/CD206) and adult enriched
gene (Cd74). (K) Cx3cr1*/6FP 4v ChP immunostained with MRC1 in embryo (E16.5, /ef)
and adult (righd). (L) 4V ChP immunostained with CD74 and IBA1 (E16.5, /ef?) and adult

Cell. Author manuscript; available in PMC 2022 May 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Dani et al.

Page 39

(righn). (K-L) Arrowheads: stromal macrophages. Dotted line: epithelial apical boundary.
See also Figure S5.
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Figure 6. Vascular identity and BBB protein zonation within the ChP across ages.

(A) Embryonic endothelial cell transcriptional programs. For each topic, topic scores for top
ranked genes (/eff) and t-SNE of single cell profiles colored by topic’s weight per cell
(righ?). (B) LV ChP immunostained with PECAM1, ACTA2 and VWF, marking the arterial
(ACTA2+) and venous (ACTA2-, VWF+) vessels. (C) Angiogenic zonation. 7gp. LV ChP
immunostained with PECAM1 and ESM1 (green). Midd/e: Dotted line: LV ChP free
margin. Double headed arrows: A/P and D/V axes. Bottom. ESM1, PECAM1 and Hoechst.
(D) UMAP of single endothelial nucleus profiles (dots) colored by age (top), endothelial
subtype score (bottom). (E) LV ChP immunostained as in (B) reveal arterio-venous
organization in adult. Dotted line: region of interest as inset. (F) Aged LV ChP
immunostained as in (B,E). Arrowheads: VWF accumulation in vessels. Dotted line: region
of interest as inset. Inset: elevated VWF expression. (G) UMAP (as in D), colored by
logy(TP10K+1) expression of genes Vwrfand Selp. (H) Subset of aged vessels express VWF
and SELP. (1) Distribution of Clan5 expression across ages. (J) Embryonic LV ChP
immunostained with CLDN5 and PECAML1. Dotted line: brain-ChP border. Bottom: Vessel
at position ‘a’. (K) Adult LV ChP immunostained with CLDN5 and PECAML1. Arrowhead:
CLDN5+ vessel at base of ChP. Dotted line: region enlarged on right. See also Figure S6.
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Figure 7. Mesenchymal, endothelial and immune cells contribute to cellular crosstalk in ChP.
(A) Number of statistically significant ligand-receptor pairs (LRPs, from CellPhoneDB

(Efremova et al., 2020), STAR Methods) between pairs of ChP cell types, across ventricles
in adult (fop) and aged (bottom, embryo in Figure S7A). Significant pairs of cell types based
on a randomization test marked as: *p<0.05, **p<0.01, ***p<0.001. (B) Differential LRPs
across ventricles or ages. Midd/e bar: cell types expressing the ligand (color coded). Right/
leftbars: cell types expressing the corresponding receptor. Edge width: Number of LRPs in
each cell type pair that are specific to the specific ventricle (fop) or age (botfom). Edge
color: cell-type (middle bar). (C-E) Selected ventricle-dependent and age-dependent LRPs.
Median expression level in expressing cells (color) and proportion of expressing cells (circle
size) in major cell population, across all ventricles (color coded) and ages (fop: E16.5;
middle: adult; bottorm. aged). Dashed square: ventricle-dependent expression, solid line: age-
dependent. Aging-dependent IL-1p-IL1R1 signaling (in E). (F) IL-1p immunostained
macrophage in vessel like structures connecting ChP and brain parenchyma in aged brain.
Inset: IL-1B macrophage. (G) Left. Whole mount aged hindbrain. Dotted lines outline 4V
ChP. Right. IL1R1 immunostained endothelial cells (PECAML) . Arrowheads: IL1R1+
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blood vessels originating from the brain parenchyma and entering the ChP. See also Figure
S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat anti-BrdU Abcam #ab6326; RRID: AB_305426
Goat polyclonal anti-mouse ACE2 R&D Systems #AF3437; RRID: AB_2223140
Mouse monoclonal anti-ACTA2-Cy3 Sigma-Aldrich #C6198, RRID: AB_476856
Mouse monoclonal anti-AQP1 Santa Cruz #32737; RRID: AB_626692

Rabbit polyclonal anti-CCDC67

Goat polyclonal anti-CD62P/P-Selectin

Rat monoclonal anti-CD74-488
Mouse monoclonal anti-CLDN5-488
Rabbit polyclonal anti-COL1A1
Goat polyclonal Anti-ESM1

Chicken polyclonal anti-GFP

Rabbit polyclonal anti-GFAP

Rabbit polyclonal anti-IBA1
Hamster monoclonal anti-IL1B

Goat polyclonal anti-IL1R1

Mouse monoclonal anti-KI67

Rat monoclonal anti-KI167

Goat polyclonal anti-LYVE1

Rabbit polyclonal anti-MRC1/CD206
Goat polyclonal anti-NRP1

Rabbit polyclonal anti-PAX6

Rat monoclonal anti-PECAM1/CD31
Rabbit polyclonal anti-SHISA8

Rat monoclonal anti-SP11/PU.1
Rabbit polyclonal anti-SPIC

Rabbit anti-SLC40A1

Mouse monoclonal anti-TUBB3

Mouse monoclonal anti-Acetylated Tubulin

Rabbit polyclonal anti-VWF
Rat monoclonal anti-WNT5A

Mouse monoclonal anti-ZO1

Proteintech
R&D Systems
Biolegend
ThermoFisher
Abcam

R&D Systems
Abcam

Dako

Wako
Biolegend

R&D Systems
BD PharMingen
ThermoFisher
R&D Systems
Abcam

R&D Systems
Millipore

BD PharMingen
Abcam

Novus Bio
ThermoFisher
Alpha Diagnostic International
Biolegend
Sigma-Aldrich
ThermoFisher
R&D Systems

ThermoFisher

#24579-1-AP

#AF737; RRID: AB_2285644
#151005; RRID: AB_2750325
#352588; RRID: AB_2532189
#2ab34710, RRID: AB_731684
#AF1999, RRID: AB_2101810
#2ab13970; RRID: AB_300798
#20334; RRID: AB_10013382
#019-19741, RRID: AB_839504
#503513, RRID: AB_2814399
#AF771, RRID: AB_355587
#550609; RRID: AB_393778
#14-5698-80; RRID: AB_10853185
#AF2125, RRID: AB_2297188
#ab64693, RRID: AB_1523910
#AF566; RRID: AB_355445
#2ab2237, RRID: AB_1587367
#550274, RRID: AB_393571
#2ab188621

#MAB7124-SP

#PA5-67537, RRID: AB_2692238
#MTP11-A, RRID: AB_1619475
#801202, RRID: AB_10063408
T6793, RRID: AB_477585
#MAS5-14029; RRID: AB_305689
#MABG645; RRID: AB_10571221
#33-9100; RRID: AB_2533147

Rabbit polyclonal anti-5HT Sigma-Aldrich #S5545; RRID: AB_477522
Chemicals, peptides, and recombinant proteins

Collagenase Il GIBCO 17101-015

TrypLE Life Technologies 12604

LIVE/DEAD staining kit ThermoFisher L-3224

10% Tween-20 (used for TST) VWR Teknova T0710

NP-40 Surfact-Amps Detergent Solution (used for NST) ~ ThermoFisher 28324

CHAPS, Molecular Biology Grade, (used for CST) EMD Millipore 220201-1GM
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REAGENT or RESOURCE SOURCE IDENTIFIER
Nuclei EZ Prep Nuclei Isolation Kit Sigma NUC101-1KT
Critical commercial assays

10X Genomics Single Cell 3" Gel Bead Kit V1 10X Genomics PN-120231

10X Genomics Single Cell 3" Gel Bead Kit V2 10X Genomics PN-120237

10X Genomics Single Cell 3" Gel Bead Kit V3 10X Genomics PN-1000075
RNAscope Fluorescent Multiplex ACD #320851
Deposited data

Raw and analyzed data This paper GEO: GSE168704

Experimental models: Organisms/strains

Mouse: CD-1 (ICR) Charles River Laboratories Strain 022
Mouse: C57BL/6J Jackson Laboratory 000664
Mouse: C57BL/6 Charles River Laboratories N/A
Mouse: B6.129P2(Cg)- Cx3cr1tmILity) Jackson Laboratory 005582
Mouse: 129S4.Cg-E£2f179(Wntl-cre)2Sor/; Jackson Laboratory 002137
Mouse: GI(ROSA) 26SormI(CAG-Brainbow2.1)Cle|) Jackson Laboratory 013731
Oligonucleotides
mm-Axin2-C3 ACD 400331-C3
mm-FoxJ1 ACD 317091
mm-/ns2-C2 ACD 310751-C2
mm-Rspol ACD 401991
mm-Rspo2-C2 ACD 402001-C2
mm-Rspo3-C3 ACD 402011-C3
mm- Wnil1 ACD 401091
mm- Wnit2b-C2 ACD 405031-C2
mm-Whnit3a ACD 405041
mm- Wnitba-C3 ACD 316791-C3
Software and algorithms
Cellranger https://support.10xgenomics.com/single-cell-  N/A
gene-expression/software/overview/welcome
CellPhoneDB Efremova et al., 2020 N/A
Seurat https://github.com/satijalab/seurat N/A
R https://www.r-project.org/ N/A
Other
Noyes Spring Scissors — Tungsten Carbide/Straight Fine Science Tools #15514-12

Dounce Tissue Grinder Set

Sigma

#D8938-1SET
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