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Abstract

The ventricular-subventricular zone (V-SVZ) is home to the largest neurogenic niche in the
adult mouse brain. Previous work has demonstrated that resident stem cells in different
locations within the V-SVZ produce different subtypes of new neurons for the olfactory bulb.
While great progress has been made in understanding the differences in regional stem cell
potential using viral and genetic lineage tracing strategies, the core molecular heterogeneity
that underlies these regional differences is largely unknown. Here we present single
whole-cell and single nucleus sequencing datasets of microdissected adult mouse V-SVZ,
and evidence for the existence of two broad populations of adult neural stem cells. By using
spatially resolved microdissections in the single nucleus sequencing dataset as a reference,
and mapping marker gene expression in the V-SVZ, we find that these two populations
reside in largely non-overlapping domains in either the dorsal or ventral V-SVZ. Furthermore,
we identified two subpopulations of newly born neurons that have gene expression
consistent with dorsal or ventral origins. Finally, we identify genes expressed by both stem
cells and the neurons they generate that specifically mark either the dorsal or ventral adult
neurogenic lineage. These datasets, methods and findings will facilitate the study of
region-specific regulation of adult neurogenesis.

Introduction

Neural stem cells (NSC) persist in the adult mouse brain in the walls of the forebrain
ventricles. This neurogenic niche includes the ventricular and subventricular zones in the
walls of the lateral ventricles (V-SVZ), home to a subpopulation of astrocytes (B cells) that
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function as the NSCs (Chaker et al., 2016; Doetsch et al., 1997; Ihrie and Alvarez-Buylla,
2011; Lim and Alvarez-Buylla, 2014; Mirzadeh et al., 2008). B cells generate intermediate
progenitors (C cells) that, in turn, give rise to neuroblasts (A cells) that migrate to the
olfactory bulb (OB) (Obernier et al., 2018; Ponti et al., 2013). A subpopulation of B cells also
generate oligodendrocytes (Figueres-Ofate et al., 2019; Gonzalez-Perez, 2014; Kazanis et
al., 2017; Menn et al., 2006; Nait-Oumesmar et al., 1999; Picard-Riera et al., 2002). From
the initial interpretation that adult NSCs are multipotent and able to generate a wide range of
neuronal cell types (Morshead et al., 1994; Reynolds and Weiss, 1992; van der Kooy and
Weiss, 2000), the field has moved to a model of adult NSCs being highly heterogeneous and
specialized for the generation of specific types of neurons, and possibly glia (Chaker et al.,
2016; Delgado et al., 2020; Fiorelli et al., 2015; Merkle et al., 2014, 2007; Tsai et al., 2012).
Previous single-cell sequencing experiments in the V-SVZ have described the many broad
classes of cells that reside in the niche.. For example, transcriptional analyses after cell
sorting have identified stages in the B-C-A cell lineage (Borrett et al., 2020; Codega et al.,
2014; Dulken et al., 2017; Xie et al., 2020), as well as populations of NSCs that appear to
activate after injury (Llorens-Bobadilla et al., 2015). Profiling of the entire niche has
highlighted differences between quiescent and activated B cells (Mizrak et al., 2020; Zywitza
et al., 2018). However, the differences among B cells of equivalent activation state (e.g.
quiescent, primed or activated) or the B cell heterogeneity that leads to the generation of
diverse neuronal subtypes remain poorly understood.

NSC heterogeneity, interestingly, is largely driven by their location within the adult V-SVZ.
This concept explains why young neurons in the OB originate over such a wide territory in
the walls of the lateral ventricles. Multiple studies have begun to identify regional differences
in gene expression among the lateral, septal and subcallosal walls of the lateral ventricles.
For example, differences in gene expression of B cells from the septal and lateral walls of
the lateral ventricles have been recently observed (Mizrak et al., 2019). Other studies have
shown that Pax6 and Hopx-expressing cells correspond to dorsal V-SVZ progenitors (Hack
et al., 2005; Kohwi et al., 2005; Zweifel et al., 2018), and Vax7-expressing young
neuroblasts are derived from ventral progenitors (Coré et al., 2020). Spatially defined lineage
tracing studies using microinjections of viruses have identified subdomains of the V-SVZ that
give rise to specific subtypes of OB neurons (Merkle et al., 2014, 2007; Ventura and
Goldman, 2007). Lineage tracing studies have demonstrated that these regional subdomains
largely follow the territories defined by developmentally regulated transcription factors
including Pax6, Nkx2.1, Nkx6.2, and Emx1 (Delgado et al., 2020; Delgado and Lim, 2015;
Kohwi et al., 2007, 2005; Merkle et al., 2014; Willaime-Morawek et al., 2006; Young et al.,
2007), but the molecular differences among B cells underlying their regionally-restricted
potential are largely unknown.

Here we have undertaken single-cell and single-nucleus RNA sequencing of the
microdissected V-SVZ to gain insight into these important questions regarding NSC
heterogeneity and their developmental potential. Clustering analysis reveals strong
dorso-ventral differences in lateral wall B cells. Validation of these differential gene
expression patterns has revealed the anatomical boundary that separates these dorsal and
ventral B cell domains. Additionally, our analysis identifies subpopulations of A cells defined
by maturation state and dorso-ventral origin. We also find that a subset of dorso-ventral B
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cell transcriptional differences are retained through the C and A cell stages of the lineage.
These new data advance our molecular understanding of how major region-specific neural
lineages emerge in the adult V-SVZ and begin to delineate major functional subclasses of
adult-born young neurons.

Results

Single-cell RNA sequencing distinguishes B cells from parenchymal

astrocytes and reveals B cell heterogeneity.

For whole single-cell RNA sequencing (scRNA-Seq), we microdissected the lateral wall of
the lateral ventricle from hGFAP:GFP mice at postnatal day (P) 29-35 (n=8, Fig 1A; Fig
1-S1A). To determine possible sex differences in downstream analyses, two male and two
female samples (n=4 samples total) were dissociated and multiplexed by labeling cells with
sample-specific MULTISeq barcodes (McGinnis et al., 2019). Multiplexed samples were then
pooled for the remainder of the single-cell isolation protocol. Two technical replicates of
pooled samples were loaded in separate wells of the Chromium Controller chip (10x
Genomics) for single-cell barcoding and downstream mRNA library preparation and
sequencing (Fig 1A). Cells carrying multiple barcodes or a high number of mMRNA reads
(4,128 out of 35,025 cells, 11.7%) were considered doublets and were eliminated from
downstream analysis. Data from each technical replicate were integrated for
batch-correction (Stuart et al., 2019). We then performed unbiased clustering of cell profiles
and calculated UMAP coordinates for data visualization (Fig 1A). The clustering of lateral
wall V-SVZ cells was not driven by sample, technical replicate, or sex (Fig 1-S1B-J). Cell
cluster identities were annotated based on the detection of known cell type markers (Fig
1B-C). We identified 37 clusters overall, with 14 clusters corresponding to cell types within
the neurogenic lineage: NSCs (B cells), intermediate progenitors (C cells), and neuroblasts
(A cells) (Doetsch et al., 1999; Obernier et al., 2018). In addition, our analysis identified cell
clusters corresponding to parenchymal astrocytes, ependymal cells, neurons,
oligodendroglia, microglia, pericytes, vascular smooth muscle cells, and endothelial cells
(Fig 1B-C).

NSCs in the V-SVZ correspond to a subpopulation of astrocytes (B cells) derived from radial
glia (Doetsch et al., 1999; Laywell et al., 2000; Merkle et al., 2004). B cells not only have
astrocytic ultrastructure but also express many astrocytic markers (Borrett et al., 2020;
Codega et al., 2014). Therefore, identifying markers that distinguish parenchymal astrocytes
from B cells has been a challenge in the field. In our dataset, B cell and striatal astrocyte
clusters are both defined by Gfap and GFP expression (Fig 1-S2A-B), among other genes
expressed in common. We classified striatal astrocyte clusters based on increased
expression of Agp4, S100b, and Cxcl14 (Codega et al., 2014; Zywitza et al., 2018), while B
cell clusters were defined by expression of S700a6 (Kjell et al., 2020) (Fig 1-S2A-B). Using
these classifications, we performed differential gene expression analysis between B cells
and astrocytes (clusters 5, 14, and 22 vs. clusters 21, 26, and 29, respectively). We found
that B cells had a higher expression of Maff, Zfp36, Bex4, Lgals3, and Anxa2 compared to
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striatal astrocytes, which in turn were enriched for CImn, Atp13a4, Eps8, Pcdh7, and Syne1
(Fig 1-S2C, Supplementary Table 1).

To better understand biological differences between striatal astrocytes and B cells, we
performed gene ontology (GO) enrichment on the differentially expressed genes. Genes
associated with synapse regulation (GO:0051965 and 0051963), macroautophagy (GO:
0016241), and dendrite development and morphogenesis (GO: 0016358 and 0048813),
among others, were overrepresented in striatal astrocytes compared to B cells (Fig 1-S2D).
In contrast, B cells were enriched in terms associated with RNA regulation (GO:0000463,
0034471, 0000956, and 0000966) and mitochondrial regulation (GO:006626, 0073655,
0090201, and 0010823) (Fig 1-S2D). These differentially represented GO terms support the
known neuro-regulatory function of astrocytes, as well as the increased transcriptional
regulation that has been associated with the transition of NSCs from quiescent to activated
states (Dulken et al., 2017; Llorens-Bobadilla et al., 2015). Using this cell type classification,
we included B cell clusters, but not striatal astrocytes, in our downstream analysis of the
neurogenic lineage.

scRNA-Seq captures neurogenic progression in the V-SVZ

In our scRNA-Seq dataset, we found that the majority of cells were part of the neurogenic
lineage, which is composed of primary progenitors, intermediate progenitors, and young
neurons (the B-C-A cell lineage). These neurogenic clusters were in the center of the UMAP
plot. With this analysis, the data had a “hummingbird-like” shape with B cells (clusters 5, 13,
14 and 22) at the top in the bird’s head and neck, proliferating cells (clusters 8, 10, 16, and
17) and C cells (cluster 12) resembled the bird’s body and wing, and A cells (clusters 0, 1, 4,
6 and 15) formed a tail (Fig 2A). As expected, all B cell clusters expressed Gfap, GFP, and
S100a6 (Fig 2B-D). We identified a subpopulation of B cells as the quiescent B cells
(Codega et al., 2014; Llorens-Bobadilla et al., 2015) (clusters 5, 14 and 22) characterized by
high expression of Thbs4 and Gfap, no Egfr and low Ascl1 expression (Fig 2E, B, F-G). In
contrast, cluster 13 (the neck region of the “hummingbird”) corresponded to activated B cells
with lower expression of Gfap, GFP, and S100a6, but high Egfr and Ascl1 expression
(Codega et al., 2014) (Fig 2B-D, F-G). Cluster 13 cells also expressed Notum, a marker
recently associated with activating gqNSCs (Mizrak et al., 2020) (Fig 2H). Bordering cluster
13 in the chest region of the ‘bird’ was cluster 12, identified as the C cell cluster, which had
low expression of astrocytic markers Gfap and GFP (Fig 2B-C), but high expression of Egfr
and Ascl1 (Fig 2F-G). The wing area of the ‘bird’ contained mKi67+ proliferating cells (Fig
21), and in the tail area of the ‘bird’ below, clusters corresponding to neuroblasts were
characterized by high expression of Dcx+ (Fig 2J). We used cell-cycle scoring to classify
cells by their G2M, S, or G1 phase (Tirosh et al., 2016), and found that a high number of
cells in cluster 12 were in the S phase (691/992, 69.6%), consistent with cluster 12
corresponding to intermediate progenitors (C cells) (Fig 2K).

The unbiased clustering analysis pooled dividing cells into the wing region of the
‘hummingbird’. A closer look at these clusters of mitotic cells in G2 or metaphase (G2M;
clusters 10, 16, 17, and 8) showed that their gene expression pattern overlaps with that of
the of non-dividing neurogenic lineage cell progression: Cluster 10 expresses markers of B
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cells (GFP, Notum), cluster 16 had markers of C cells (Asc/1), and cluster 8 expresses
markers of A cells (Dcx) (Fig 2B-K). This suggests that these clusters correspond to dividing
B, C, and A cells, respectively, which have all been previously observed by electron and
confocal microscopy in vivo (Doetsch et al., 1997).

Identified by Dcx expression, the largest number of cells within the neurogenic lineage
corresponded to neuroblasts and young neurons (A cells) (clusters 0, 1, 4, 6 and 15; the tail
region of the hummingbird) (Fig 2A, J). Interestingly, unbiased clustering subdivided A cells
into 5 subclusters with different gene expression profiles. Consistent with previous work
showing that a subpopulation of newly generated neurons continues to divide (Lois and
Alvarez-Buylla, 1993; Menezes et al., 1995), clusters 6 and 15 contain Dcx+ A cells with
proliferative markers (e.g. mKi67) (Fig 21-K). Genes that distinguished clusters 0, 1, 4, 6 and
15 are discussed below. The overall progression from B-C-A cells described above is
supported by RNA-velocity lineage trajectory reconstruction (La Manno et al., 2018), in
which genes defining B, C and A cells are expressed sequentially in distinct phases in
pseudotime (Fig 2L-M).

Overall, our single-cell dataset recapitulates the known B-C-A cell progression through the
neurogenic lineage. Intriguingly, our analysis also reveals heterogeneity among B, C, and A
cells, in which each cell type is subdivided into multiple distinct clusters. Among C cells, the
heterogeneity was mostly driven by different stages of the cell cycle (Fig 2F-G, I, K). What
drives heterogeneity among B and A cell clusters?

Single nucleus sequencing (sSNucRNA-Seq) from
microdissected V-SVZ regions captures V-SVZ and striatal cell
types.

To complement our single-cell transcriptomic analysis, we performed single-nucleus
sequencing (sNucRNA-Seq) from microdissected V-SVZ subregions of P35 CD1 mice (n=8
males, 9 females). We isolated single nuclei from four distinct microdissected quadrants of
the V-SVZ: the anterior-dorsal (AD), posterior-dorsal (PD), anterior-ventral (AV), and
posterior-ventral (PV) regions (Fig 1D; Fig 1-S3A) (Mirzadeh et al., 2008). The four region
samples (AD, PD, AV, and PV) were then processed in parallel for sNucRNA-Seq (Fig 1D;
Fig 1-S3B). Our sNucRNA-Seq dataset contains 45,820 nucleus profiles. The four region
samples underwent quality control steps of filtering out low-quality cells and putative
doublets (see Methods). Data from each sample were combined and integrated (Seurat v3
IntegrateData) (Stuart et al., 2019), then clustered as the scRNA-Seq dataset above. Cell
identities were annotated based on the detection previously described cell type markers
(Martin et al., 2019; Zeisel et al., 2018) (Fig 1E; Fig 1-S3C-E).

To understand the differences between the scRNA-Seq and sNucRNA-Seq datasets, we
compared the numbers of unique molecular identifiers (UMIs) and genes identified per cell.
The scRNA-Seq cells have 3-fold more UMIs/cell (scRNA-Seq: 9,181; sNucRNA-Seq: 3,062
median UMIls/cell) and 2.1-fold more genes identified per cell (scRNA-Seq: 3,549;
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sNucRNA-Seq: 1,679 median genes/cell) (Fig 1-S3I). The two datasets also differed in the
proportion of V-SVZ cell types represented (Fig 1-S3J).

In the sNucRNA-Seq data, we identified 42 clusters, including those corresponding to cell
types within the neurogenic lineage: NSCs (B cells), mitotic intermediate progenitors (C
cells), and neuroblasts (A cells) (Fig 1E, Fig 1-S3C-E). Based on the B cell- or
astrocyte-specific markers identified in the scRNA-Seq data above, we also identify a
parenchymal astrocyte cluster, as well as ependymal cells, striatal neurons, oligodendroglia,
microglia, pericytes and vascular smooth muscle cells, endothelial cells, and leptomeningeal
cells (Fig 1E, Fig 1-S3D-E). We also found that all four regions contributed to most clusters
(Fig 1-S3F-H).

Given the greater proportion of high-quality neurogenic lineage cells, we focused the
following analysis on the scRNA-seq dataset, making key supporting observations using the
sNucRNA-Seq dataset.

Quiescent B cell clusters correspond to regionally organized
dorsal and ventral domains

As shown above, in our scRNA-Seq dataset, we found that quiescent B cells (the head of
the ‘bird’; Fig 2A) were subdivided into three clusters: B cell cluster 5 (B(5)), B(14), and
B(22) (Fig 3-S1A). To understand their molecular differences, we conducted differential
expression analysis to identify significantly upregulated genes in each of the three B cell
clusters (Fig 3-S1Bi) and candidate cluster-specific marker genes (Fig 3-S1Bii). When we
examined the top ten candidate markers for each cluster, we found genes corresponding to
known markers of dorsal and ventral B cell identity (Fig 3-S1C). For example, Nkx6.2, a
transcription factor expressed in the ventral embryonic and postnatal ventricular zone
(Merkle et al., 2014; Moreno-Bravo et al., 2010), is enriched in cluster B(14), as are Notum
and Lmo1 (Fig 3A, Fig 3-S1C) (Borrett et al., 2020; Mizrak et al., 2020). Similarly, Gsx2, a
marker of dorsal B cells, is a marker of cluster B(5) (Fig 3B, Fig 3-S1C). Another known
dorsal marker, Emx1, is significantly upregulated in cluster B(22) (Fig 3C, Supplementary
Table 2). When we overlay the expression of these cluster markers on the neurogenic
lineage UMAP plot, we find that their expression is largely restricted to cells within a single B
cell cluster, and in the case of Gsx2, is retained in C cells and early-stage A cells (Fig 3A-C).
Activated B cells in cluster B(13) also showed the expression of these regional markers but
did not separate into multiple clusters at this resolution (Fig 2A). The distinct regional
signature that drives clustering for quiescent B cells seems to be partially lost as these
primary progenitors move into the activated state.

To test the hypothesis that B cells are dorso-ventrally organized in the V-SVZ, we took
advantage of the region-specific microdissection of the sSNucRNA-Seq cells (Fig 1D-E; Fig
1-S3) and metadata Label Transfer to predict sScRNA-Seq B cell region identity (Stuart et al.,
2019). Each B cell was assigned both a dorsal and ventral ‘predicted identity’ score based
on their similarity to dorsal and ventral nuclei (Fig 3D). We then calculated the difference
between dorsal and ventral scores for each scRNA-Seq B cell. We found that cells within
each cluster were strongly dorsal-scoring (green) or ventral-scoring (magenta), with
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relatively few cells having similar dorsal and ventral prediction scores (gray) (Fig 3E). We
found that cluster B(14) scored more highly for ventral identity on average, while clusters
B(5) and B(22) scored more highly for dorsal identity (Fig 3-S1D).

To investigate the potential dorso-ventral spatial organization of dorsal-scoring clusters B(5)
and B(22) in vivo, we performed RNAscope in situ hybridization for the differentially
expressed transcripts Small Nucleolar RNA Host Gene 15 (Snhg15, a IncRNA), and
Contactin-Associated Protein 2 (Cntnap?2), which are upregulated in clusters B(5) and B(22),
respectively (Fig 3-S1E-L). Overall, we found that Snhg15 and Cntnap2 probes did not
exclusively localize in B cells, but were also expressed in subsets of A cells, C cells, and
ependymal cell layer, making it difficult to confirm their B cell expression along the
dorsal-ventral axis of the V-SVZ (Fig 3-S1F-H, J-L). To identify markers more specific to B
cells within the V-SVZ, and test the hypothesis that B(5) and B(22) both correspond to
dorsally-localized B cells, we combined them into a single cluster, B(5+22). Looking at this
new cluster’s predicted dorsal and ventral identity scores, we found that it had a much higher
average dorsal predicted identity score, as well as lower average ventral predicted identity
score than when scored separately, nearly the inverse of cluster B(14)’'s prediction scores
(Fig 3F). This unsupervised, unbiased prediction of region identity at the single-cell level,
based on sNucRNA-Seq region-specific microdissection, reinforces our observation that
scRNA-Seq B cell clusters have strong gene expression signatures of dorsal or ventral
V-SVZ identity.

We then asked what genes were differentially expressed between the putative dorsal cluster
B(5+22) and the putative ventral cluster B(14) (Fig 3G-I). Among the differentially expressed
genes were other known markers of dorsal B cells, such as Pax6 and Hopx (Fig 3 Hi,
Supplementary Table 2), as well as novel dorsal-domain marker candidates such as Urah
and Dio2 (Fig 3Hii, I). We found that Urah and Dio2 were highly expressed among GFAP+
cells in the V-SVZ dorsal “wedge” (the dorso-lateral corner of the V-SVZ enriched in B, C,
and A cells), while lower expression was observed in the intermediate and ventral regions
(Fig 3J-Q). This pattern of expression was conserved from anterior to posterior sections (Fig
3M, Q). To determine if the dorsal Urah and Dio2 domain correspond to the dorsal Hopx+ B
cell population (Zweifel et al., 2018), we performed RNAscope in situ hybridization for Hopx.
Hopx was expressed in B cells in the dorsal wedge with no expression in the intermediate
and ventral V-SVZ regions (Fig 3-S1M-Q). Interestingly, low and high Hopx+ cells were
observed in the wedge. Hopx™" cells showed a sub-callosal localization forming a band that
extended laterally from the septal corner of the V-SVZ, where Hopx+ cells have been
previously described (Zweifel et al., 2018) (Fig 3-S1N-O, Q). We confirmed that HOPX
protein followed the expression pattern of its mMRNA by immunostaining (Fig 3-S1R).

Cluster B(14) marker Crym was expressed in intermediate and ventral V-SVZ GFAP+ cells
(Fig 3R-U), with no expression in the V-SVZ dorsal wedge (Fig 3S). Interestingly, the Crym+
domain decreased in size along the anterior-posterior axis (Fig 3U). Consistent with our
single-cell data, A cells identified by DCX expression were Crym-negative (Fig 3R-T). We
also found that cells in the striatum expressed Crym, as previously described (Fig 3S-T)
(Chai et al., 2017; Mizrak et al., 2019). To determine if Crym was expressed at the protein
level in a regional pattern, we analyzed CRYM expression in P28 hGFAP:GFP mice.
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Consistent with the RNAscope assay, ventral SVZ GFP+ B cells were CRYM+, while dorsal
wedge GFP+ cells were negative (Fig 4A-C). To better understand the antero-posterior
distribution of the CRYM+ ventral domain, we analyzed B1 cell CRYM expression in V-SVZ
whole mounts (Mirzadeh et al., 2008). Consistent with Crym expression patterns in coronal
sections along the anterior-posterior axis (Fig 3U), we found the CRYM+ B cell domain in the
wholemount covered ventral and intermediate domains of the lateral wall, but was absent
from the dorsal and wedge area (Fig 4D). This wholemount analysis also shows how the
CRYM+ domain decreases in size and becomes restricted to more ventral regions along the
anterior to posterior axis (Fig 4D-G). Using the hGFAP-GFP mice and staining with
BETA-CATENIN to reveal pinwheels and apical contacts of B1 cells, we confirmed that
CRYM was expressed in GFP+ ventral B1 cells, while absent in dorsal B1 cells (Figure
4H-I). Taken together, we conclude that Crym transcript and protein expression defines a
wide ventral territory that decreases caudally, and is absent from the dorsal and wedge
V-SVZ regions.

A cell cluster heterogeneity is linked to regionally-organized
dorsal and ventral domains

We found that A cells (Fig 5A) were separated into two main sets of transcriptionally-related
clusters: clusters A(15) and A(6) corresponded to A cells with a strong expression of genes
associated with mitosis and cell cycle regulation (such as Pclaf, Hmgb2, Rrm2, Mki67,
TopZ2a, and the Mcm gene family) (Fig 5B, Supplementary Table 3). We calculated the ‘area
under the curve’ (AUC) scores (Aibar et al., 2017) for sets of genes corresponding to key GO
terms in each A cell. The combined expression of genes in both the GO categories mitotic
DNA replication (GO:1902969) and mitosis DNA replication initiation (GO:1902975) are
highly upregulated in clusters A(15) and A(6) (Fig. 5-S1A, Supplementary Table 3). These
clusters are also enriched in cells in S and G2M phases (Fig. 2K), indicating that these
clusters correspond to dividing neuroblasts/early A cells (Lois and Alvarez-Buylla, 1993;
Menezes et al., 1995). Clusters A(1), A(0), and A(4) corresponded to a second set of A cells
expressing high levels of genes involved in cell migration, such as Dab1 and Slit2 (Fig. 5B;
Supplementary Table 3). We found that neuron migration (GO:0001764) and spontaneous
synaptic transmission (GO: 0098814 ) categories were more strongly present in clusters A(0),
A(1) and A(4) (Fig. 5-S1A), indicating that these clusters likely correspond to migrating
young neurons. This analysis of the GO terms enriched in A cells is consistent with the
pseudotime analysis (Fig. 2L), indicating that A cells are organized in a continuum of
maturation in UMAP space, with dividing neuroblasts at the top of the A cell cluster group
and migrating young neurons in the bottom.

Interestingly, the combined expression of genes in dorsoventral axonal guidance
(G0:0033563) and cerebral cortex regionalization (GO:0021796), terms associated with the
regional specification of the brain, was high in clusters A(1) and A(0), despite individual GO
terms not being statistically enriched in these clusters (Fig. 5-S1A; Supplementary Table 3).
Additionally, Runx1t1, a transcription factor expressed in young neurons from the medial
ganglionic eminence (Chen et al., 2017), and Nxph1, expressed in young migrating neurons
from subpallial germinal zones (Batista-Brito et al., 2008), were among the most differentially
expressed genes in cluster A(1) (Fig. 5B-C, Supplementary Table 3). Conversely, Pax6, a
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transcription factor that is highly expressed in the pallium and in the dorsal lateral ganglionic
eminence (Ypsilanti and Rubenstein, 2016), was the most differentially expressed gene for
cluster A(0) (Fig. 5B-C, Supplementary Table 3). Importantly, Vax1 and Pax6, which have
been previously found to be differentially expressed by ventrally- and dorsally-born A cells
(Coré et al., 2020), were highly expressed in clusters A(1) and A(0), respectively (Fig 5B-C).
Taken together, gene expression suggests that A cells in cluster A(1) originate from ventral
progenitors and A cells in cluster A(0) originate from dorsal progenitors. To test this
hypothesis, we took advantage of the regional microdissections from the sNucRNA-Seq
dataset and calculated dorsal and ventral predicted location scores for each scRNA-Seq A
cell (Fig 5D). Intriguingly, among the more mature A cell clusters, we found that cluster A(0O)
was enriched in highly dorsal-scoring cells with relatively few highly ventral-scoring cells,
while cluster A(1) was enriched in highly ventral-scoring cells with some highly
dorsal-scoring cells (Fig 5D, Fig 5-S1D).

In order to confirm that A cells in A(0) and A(1) correspond to dorsal and ventral young
neurons, respectively, we looked for markers of A(1) and A(0) that were minimally present in
the other cluster. Trhde and Ntng1 are expressed in subpopulations of A cells with high
dorsal and ventral scores, respectively and we used RNAscope in situ hybridization with
DCX immunolabeling to visualize the localization of transcripts in A cells in vivo. As
suggested by the expression pattern in the scRNA-Seq clusters, Ntng1 is not uniformly
expressed in all A cells, but rather a subset of them (Fig 5F-I), in both dorsal and ventral
V-SVZ (Fig 5F-H). Trhde puncta were present in the V-SVZ, along the ventricular lining and
in areas immediately lateral to the DAPI-dense band of V-SVZ B, C and A cells (Fig 5-S1B).
This expression pattern is consistent with Trhde expression in both the ependymal and
striatal neuron scRNA-Seq clusters (Fig 5-S1C). We found few Trhde+ DCX+ cells, in either
the dorsal or ventral V-SVZ, where each positive A cell had one or two puncta that did not
co-localize with the nucleus (Fig 5-S1B). In addition to Nitng1 and Trhde being found in
DCX+ A cells dispersed along the full dorso-ventral axis of the V-SVZ (Fig 5F-H; Fig 5-S1B),
in the DCX-dense RMS corridor, we found relatively small subsets of A cells that were
Ntng1+ or Trhde+, with only one or two mRNA puncta per cell (Fig 51-J). Given the
intermixing of A cells as they undergo tangential chain migration in the V-SVZ, the
dorso-ventral sites of A cell origins cannot be visualized and validated by immunostaining or
RNAscope (Fig 5 F-H, Fig 5-S1B). This is consistent with the expected spatial migration
patterns of ventrally- vs. dorsally-born A cells (Fiorelli et al., 2015). Overall, we found that
gene expression patterns, as well as independent, unbiased cell identity prediction provided
additional support to the hypothesis that Pax6"":RIbp1"" cluster A(0) represents primarily
dorsally-born A cells, while Runx1t1"":Vax1"" cluster A(1) represents primarily
ventrally-born A cells (Fig 5B-D). Together these data suggest that A cells are a molecularly
heterogeneous population, and that heterogeneity is indicative of an A cell’s region of origin
within the V-SVZ.
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Specific markers link regionally distinct B cell and A cell
lineages

Interestingly, A(1) marker Slit2 (Supplementary Table 3) and A(0) marker Pax6 (Fig 5B-C)
were also highly expressed in clusters corresponding to ventral and dorsal B cells,
respectively (Fig. 3l; Supplementary Table 2; see below). In addition, RIbp1, one of the main
markers of dorsal B cells (Fig 3l), was also strongly expressed in cluster A(0) (Fig. 5C). To
further determine if each dorsal/ventral domain has a specific gene expression signature that
persists throughout the neurogenic lineage, we asked which B and A cell subpopulation
marker genes were commonly expressed between the ventral B and ventral A cell clusters
(B(14) and A(1)), and which were commonly expressed between the dorsal B(5+22) and
dorsal A(0) clusters (Fig 6A-B). We identified 4 genes that were expressed throughout the
dorsal lineage (RIbp1, Gm29260, Pax6, and Dcc) and 5 genes expressed through the
ventral lineage (Adgri3, Slit2, Ptorn2, Rbms1, Sntb1) (Fig 6C). The converse comparison,
however, of ventral B(14) and dorsal A(0), and dorsal B(5+22) and ventral A(1) clusters,
yielded only one or two potential lineage marker genes, respectively (Fig 6-S1A-B). This
suggests that B(14) and A(1), and B(5+22) and A(0) had a higher degree of transcriptional
overlap, and correspond to ventral and dorsal lineages, respectively.

To understand what other molecular differences exist between the putative dorsal and
ventral lineages identified using only B and A cell cluster marker genes, we used the
regional gene sets we identified above to calculate a composite AUC score (Aibar et al.,
2017) for both the dorsal and ventral gene expression signatures (Fig 6D, Fig 6-S1C). We
found that most cells scored highly for either the dorsal or ventral gene set, with highly
ventral scoring cells located on the left side of the ‘bird’, and highly dorsal-scoring cells on
the right (Fig 6D, Fig 6-S1C-E). When we plotted dorsal and ventral scores along
pseudotime, we found that average dorsal and ventral scores were relatively constant along
the B-C-A cell lineage progression, further suggesting these gene sets are stably expressed
by dorsal and ventral cells during adult neurogenesis (Fig 6-S1F).

We then asked what other genes varied between the dorsal and ventral neurogenic
lineages. By taking the top 25% of dorsal- and ventral-scoring cells (Fig. 6E, Fig 6-S1D-F),
we identified 257 significantly differentially expressed genes between the dorsal and ventral
neurogenic lineages: 108 dorsal markers and 149 ventral markers (Fig. 6F; Supplementary
Table 4). We then conducted GO analysis on markers of the dorsal and ventral lineages.
Ventral markers were enriched for genes associated with neurite outgrowth and migratory
programs, including chemotaxis (GO:0050919), axon guidance (G0O:0008045, GO:0031290),
and V-SVZ-to-OB migration (G0O:0022028). Dorsal markers were enriched for genes
associated with glial development (GO:0021781), cortex regionalization (G0O:0021796), and
copper ion response (G0:0010273). Both dorsal and ventral marker sets were enriched for
genes associated with OB interneuron differentiation (G0O:0021889) (Fig. 6-S1G;
Supplementary Table 4).

To validate RNA expression of putative dorsal and ventral lineage markers in vivo, we
combined RNAscope labeling with GFAP and DCX immunostaining in coronal sections of

10


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

the V-SVZ. We found that the putative dorsal lineage genes Pax6 and RIbp1 were highly
enriched in the dorsal region of the V-SVZ, with particularly enriched expression in the
“wedge” region (Fig. 6G-K; Fig 6-S1H-K). Conversely, the putative ventral markers Adgri3
and Slit2 had a higher expression in the ventral domain of the V-SVZ (Fig. 6L-P; Fig
6-S1L-0). Consistent with our scRNA-Seq data, these genes were expressed in both B and
A cells in the neurogenic lineage (Fig 6H, J, M, O).

Discussion

During brain development, regional allocations of the neuroepithelium give NSCs different
neurogenic properties. The adult V-SVZ neurogenic niche retains regionally specified NSCs
that generate different subtypes of neurons destined for the OB. A molecular understanding
of what makes adult NSCs different between regions is largely lacking. Our scRNA-Seq and
sNucRNA-Seq datasets provide new information about the diverse cell types that populate
the V-SVZ. Beyond what previous studies have shown, our lineage analysis reveals parallel
pathways of neurogenesis initiated by different populations of B cells. Interestingly, these
differences in B cell identity correlate with unique regional patterns of gene expression,
which we validated using reference-based metadata label transfer from a second dataset of
regionally-dissected single V-SVZ nuclei. We confirmed the regional expression of marker
genes by immunostaining and RNAscope analysis.

Our dataset provides sets of genes that are differentially expressed in dorsal and ventral B
cells. Among these genes, we found well known regionally expressed transcription factors
such as Pax6, Hopx, Nkx6.2, Gsx2, and Vax1 (Coré et al., 2020; Delgado and Lim, 2015;
Hack et al., 2005; Kohwi et al., 2005; Merkle et al., 2014; Taglialatela et al., 2004; Zweifel et
al., 2018). We also identified Urah, Dio2 and Crym as novel markers that define largely
non-overlapping domains of the V-SVZ. Urah and Dio2 define a dorsal domain that includes
the wedge and subcallosal roof of the V-SVZ, and Crym defines a wide ventral domain.
Consistent with the above observations, Crym expression has been described in a
subpopulation of gNSC in the early postnatal V-SVZ derived from the Nkx2.1 domain
(Borrett et al., 2020). Our dorsal domain overlaps with that defined by Pax6 (Hack et al.,
2005; Kohwi et al., 2005) and the ventral domain with that defined by Vax7 (Coré et al.,
2020). Pax6 and Vax1 are transcription factors that link these territories to well defined
embryonic domains involved with the generation of different subsets of neurons in the cortex
and striatum. Similarly, Gsx2 is expressed in a gradient in the embryo, with its highest
expression in the dorsal lateral ganglionic eminence (Corbin et al., 2000; Lépez-Juarez et
al., 2013; Taglialatela et al., 2004; Waclaw et al., 2009; Young et al., 2007). Consistent with
the dorsal expression pattern, in our dataset Gsx2 was highly enriched in cluster B(5) (Fig.
3B). The dorsal region was also enriched in Ptprz1, Hopx, Dio2, Tnc, and Moxd1, which are
also markers of outer radial glia, a subpopulation of human neural stem cells that continue to
generate neurons for the cortex after detaching from the pallial wall of the lateral ventricles
during prenatal development (Nowakowski et al., 2016; Pollen et al., 2015). These links with
developmentally and regionally regulated genes will help define how the adult neurogenic
niche inherits its regional specified domains.
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Regional differences between ventral and dorsal domains of the V-SVZ had previously been
inferred based on the labeling of non-overlapping territories using regional viral lineage
tracing (Merkle et al., 2014, 2007; Ventura and Goldman, 2007). This analysis revealed
different subtypes of OB interneurons derived from different NSC territories. Lineage tracing
from embryonic to adult stages indicates that regional specification of neural stem cells is
established early in embryonic development (Fuentealba et al., 2015). Genetic labeling of
the most ventral domain of the V-SVZ showed the specific contribution of Nkx2.1-expressing
B cells to deep layer granule cell neurons in the OB (Delgado and Lim, 2015). The ventral
gene expression program is maintained by an epigenetic mechanism across cell divisions. In
the absence of myeloid/lymphoid or mixed-lineage leukemia protein 1 (MLL1)-dependent
epigenetic maintenance, the neurogenic lineage shifts to produce aberrantly ‘dorsalized’ OB
neuronal subtypes (Delgado et al., 2020). This underscores the importance of regional
identity in determining V-SVZ neuronal output. In our analysis, we also found
region-associated gene expression programs contributing to A cell identity, along with a
subset of dorsal- and ventral-specific genes expressed through the entire putative dorsal and
ventral neurogenic lineages. Regional genes maintained through the neurogenic lineage
could help us understand how NSC identities are maintained to ensure the production of the
right types of interneurons in the OB.

The border between the Crym+ and the Urah/Dio2+ territories had not been previously
determined and lies in an anatomically undefined location (Fig 4). Interestingly, the dorsal
domain defined by Dio2 and Urah largely overlaps with a region of high Gli1 expression
during neonatal and early postnatal stages (Tong et al., 2015). This dorsal Sonic
Hedgehog-regulated domain in early postnatal life has been linked to oligodendrogenesis.
Whether the adult domain we now unravel is developmentally linked to this early
oligodendrogenic domain remains to be determined using lineage analysis. However, it is
tempting to speculate that these territories are functionally linked, a hypothesis supported by
the enrichment of glial-development-associated genes among dorsal markers (Fig 6G).

As indicated above, our analysis shows that Crym, Urah, and Dio2 are differentially
expressed by B cells according to region. Crym, Urah, and Dio2 are all associated with the
thyroid hormone signaling pathway; Dio2 catalyzes thyroid hormone activation, Crym has
been described to bind thyroid hormone, and Urah belongs to a family of thyroid hormone
transporters (Luongo et al., 2019; Rudqyvist et al., 2012; Vié et al., 1997). These findings
raise the hypothesis that hormone signaling may differentially affect the activation of B cells
in different regions of the V-SVZ and therefore modify the balance of neuronal types
produced for the OB. Region-specific regulation of V-SVZ stem cells has been previously
demonstrated; hypothalamic projections innervate the anterior-ventral V-SVZ and activate
Nkx2.1+ stem cells (Paul et al., 2017). The combination of region-specific innervation and
molecular composition of B cells could form the basis for a system of hormonal regulation
underlying major circuit changes in the OB.

In summary, we present a large-scale single-cell description of dorso-ventral identity in the
lateral wall of the V-SVZ. Not only do we recapitulate known divisions between dorsal and
ventral B cells, but we identify novel regional B cell markers and uncover gene expression
programs that appear to persist throughout lineage transitions (Fig 7). These data form a
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basis for future investigation of NSC identity and lineage commitment, providing clues to
help us understand how molecularly-defined stem cell territories are spatially organized, and
what distinguishes V-SVZ regions from one another.

Materials and Methods

Mice

Mice were housed on a 12h day-night cycle with free access to water and food in a specific
pathogen-free facility in social cages (up to 5 mice/cage) and treated according to the
guidelines from the UCSF. Institutional Animal Care and Use Committee (IACUC) and NIH.
All mice used in this study were healthy and immuno-competent, and did not undergo
previous procedures unrelated to the experiment. CD1-elite mice (Charles River
Laboratories) and hGFAP::GFP (FVB/N-Tg(GFAPGFP)14Mes/J, The Jackson Laboratory
(003257)) (Zhuo et al., 1997) lines were used.

Single Whole Cell Sample Preparation and Multiplexing

Mice received intraperitoneal administration of 2.5% Avertin followed by decapitation. Brains
were extracted and 1 mm slices were obtained with an adult mouse brain slicer (Steel Brain
Matrix - Coronal 0.5mm, Alto). Four samples were processed: sample 1: 2 males P35;
sample 2: 2 males P35; sample 3: 2 females P29; and sample 4: 2 females P29. The lateral
ventricle walls were microdissected in L-15 medium on ice and the tissue was transferred to
Papain-EBSS (LK003150, Worthington). Tissue was digested for 30 mins at 37°C in a
thermomixer at 900 RPM. Mechanical dissociation with a P1000 pipette tip (20 seconds),
then fire-polished pasteur pipette was performed for 5 min. Tissue was digested for 10 more
min at 37°C, and dissociated with the pasteur pipette for another 2 min. Cells were
centrifuged for 5min, 300 RCF at room temp, and the pellet was resuspended with
DNAase/ovomucoid inhibitor according to manufacturer's protocol (Worthington). Cells were
incubated in Red blood cell lysis buffer (420301, Biolegend) 3-4 min at 4°C. For MULTISeq
barcoding, cells were suspended with Anchor:Barcode solution (every sample was labeled
with a unique barcode: sample 1 Barcode: TGAGACCT (“A3”); sample 2 barcode
GCACACGC (“A4”); sample 3 barcode AGAGAGAG (“A5”); and sample 4 barcode
TCACAGCA (“A6”)) for 5 minutes at 4°C. A Co-Anchor solution was added and incubated for
5 minutes (McGinnis et al., 2019). Samples were combined and filtered with a FlowMi 40pm
filter (BAH136800040-50EA, Sigma). To remove myelin the cell suspension was incubated
with Myelin Removal Beads (130-096-733, Miltenyi Biotec) (6ul/brain) for 15 mins at 2-8°C.
Cells were washed with 0.5% BSA-PBS and transferred to MACS columns (30-042-401 and
QuadroMACS Separator 130-090-976, Miltenyi Biotec). The cell suspension was
preincubated with TruStain FcX Plus Antibody (BioLegend, Supplementary Table 5) on ice
for 10 minutes, then incubated with oligonucleotide-tagged anti-VCAM1 and anti-CD24
antibodies (BioLegend, Supplementary Table 5) on ice for 30 minutes, then washed twice
with 0.5% BSA-PBS by centrifugation (5 min, 4°C, 350 RCF) and filtered with a FlowMi
40um filter. The effluent was collected and cell density was counted. Cells were loaded into
two wells of a 10x Genomics Chromium Single Cell Controller. We used the 10x Genomics
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Chromium Single Cell 3’ Library & Gel Bead Kit v3 to generate cDNA libraries for
sequencing according to manufacturer’s protocols. GFP expression of isolated cells was
observed under an epifluorescence microscope.

MULTISeq Barcode Library Preparation & Cell Assignment

MULTISeq and antibody TotalSeq barcode libraries were assembled as previously described
(McGinnis et al., 2019). Briefly, a MULTISeq primer is added to the cDNA amplification mix.
Afterwards, in the first clean-up step using SPRI beads (0.6x) of the standard 10x library
prep workflow, the supernatant is saved, transferred to a new tube and a cleanup step using
SPRI (1.6x) is performed to eliminate larger molecules. A library preparation PCR is also
performed for the MULTISeq barcodes. The barcode library is analyzed using a Bioanalyzer
High Sensitivity DNA system and then sequenced. The code for demultiplexing samples
and detecting doublets can be found at https://github.com/chris-mcginnis-ucsf/MULTI-seq.

Whole Cell Sequencing Data Alignment & Processing

We pooled gene expression and barcode cDNA libraries from each 10x Genomics Single
Cell Controller well (technical replicates, “Lane”) and sequenced them at the UCSF Center
for Advanced Technology on one lane of an lllumina Novaseq 6000 machine. A total of
2,892,555,503 reads were aligned using CellRanger 3.0.2-v3.2.0 (10x Genomics) to a
custom version of the mouse reference genome GRCm38 that included the GFP gene (GFP
sequence: Supplementary Table 6). Reads corresponding to oligonucleotide-tagged
TotalSeq antibodies were assigned to cells in CellRanger according to manufacturer
instructions.

To identify cell barcodes that most likely corresponded to viable cells, we performed quality
control and filtering steps. We excluded cells outside of the following thresholds: UMI count
depth: 5th and 95th percentiles; number of genes per cell: below 5th percentile); percentage
of mitochondrial gene reads per cell: greater than 10%. We classified cells into sample
groups and identified doublets using MULTISeq barcode abundances (McGinnis et al.,
2019). We used Seurat Integration (Seurat 3) canonical correlation analysis (CCA) to reduce
data dimensionality and align the data from technical replicates (Lane 1 and Lane 2) (Stuart
et al., 2019).

Single Nucleus Sample Preparation

Brains were extracted and 0.5mm slices were obtained. We microdissected the anterior
ventral, anterior-dorsal, posterior-ventral and dorsal V-SVZ regions of 17 P35 CD1 male (8)
and female (9) mice. Briefly, we used a brain matrix to cut one millimeter thick coronal slabs
of the mouse forebrain and used histological landmarks to identify each sampling area (e.g.
anterior region landmarks: septum; posterior regions: hippocampus). Regions were
dissected under a microscope to reduce the amount of underlying striatum in each sample.
Each micro-dissected V-SVZ region was processed in parallel as a distinct sample. We
processed tissue samples for nucleus isolation and sNucRNA-Seq as previously described
(Velmeshev et al., 2019). Briefly, we generated a single nucleus suspension using a tissue
douncer (Thomas Scientific, Cat # 3431D76) in nucleus isolation medium (0.32M sucrose, 5
mM CaCl2, 3 mM MgAc2, 0.1 mM EDTA, 10 mM Tris-HCI, 1 mM DTT, 0.1% Triton X-100 in
DEPC-treated water). Debris was removed via ultracentrifugation on a sucrose cushion
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(1.8M sucrose, 3 mM MgAc2, 1 mM DTT, 10 mM Tris-HCI in DEPC-treated water) in a
thick-walled ultracentrifuge tube (Beckman Coulter, Cat # 355631) and spun at 107,000
RCF, 4°C for 150min. The pelleted nuclei were incubated in 250uL PBS made with
DEPC-treated water on ice for 20 minutes. The resuspended pellet was filtered twice
through a 30um cell strainer. We counted nuclei with a hemocytometer to determine nucleus
density, and loaded approximately 12,000 nuclei from each sample into its own well/lane of a
10x Genomics Chromium Single Cell Controller microfluidics instrument. We used the 10x
Genomics Chromium Single Cell 3’ Library & Gel Bead Kit v2 to generate cDNA libraries for
sequencing according to manufacturers’ protocols. We measured cDNA library fragment
size and concentration with a Bioanalyzer (Agilent Genomics).

Single Nucleus Sequencing Data Alignment & Processing

We pooled the gene expression cDNA libraries from each single nucleus sample and
sequenced them on one lane of an lllumina HiSeq 4000 at the UCSF Center for Advanced
Technology. The PV sample was further sequenced to increase sequencing depth. A total of
1,340,031,643 reads were aligned using CellRanger 2.1.0-2.3.0 (AV, AD, PD samples);
3.0.2-v3.2.0 (PV sample) (10x Genomics) to a custom mouse reference genome that
includes unspliced “pre-mRNA” (GRCm38), which we expect to be present in cell nuclei
(Velmeshev et al., 2019).

To identify cell barcodes that most likely corresponded to viable nuclei, we performed quality
control and filtering steps. For each region sample, we excluded nuclei outside of the
following thresholds: UMI count depth: 5th to 95th percentiles; number of genes per cell:
below 5th percentile; fraction of mitochondrial gene reads per cell (<10%). We used Seurat
Integration (Seurat 3) canonical correlation analysis (CCA) to reduce data dimensionality
and align the data from each region (Stuart et al., 2019).

Single Cell & Single Nucleus Sequencing Data Normalization and

Dimensionality Reduction

We used Seurat 3 (Stuart et al. 2019) to analyze both the Whole Cell and Single Nucleus
datasets: for each dataset, cells or nuclei from each 10x Chromium Controller Lane
(scRNA-Seq: Lanes 1 and 2; sNucRNA-Seq: AD, AV, PD, PV lanes) were integrated using
IntegrateData and normalized using regularized negative binomial regression (SCTransform)
(Hafemeister and Satija, 2019). We calculated 100 principal components (PCs) per dataset,
and used 50 (scRNA-Seq) or 100 (sNucRNA-Seq) to calculate cell cluster identities at five
distinct resolutions (0.5, 0.8, 1.0, 1.5 and 2.0) and UMAP coordinates. The cell cluster
identities presented in this manuscript correspond to resolution 1.5 (scRNA-Seq metadata
column integrated_snn_res.1.5) or 2 (sNucRNA-Seq metadata column
integrated_snn_res.2), and were chosen based on visual correspondence with the
expression of known neurogenic lineage markers. Sequenced antibody tags in the
scRNA-Seq dataset were separately normalized using NormalizeData (method: CLR) and
ScaleData, and are included in the Seurat object ‘Protein’ assay as “VCAM1-TotalA” and
“CD24-TotalA”.
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Dual Fluorescent in situ Hybridization-Immunofluoresce

Mouse brains (n=2, P30) were serially sectioned using a Leica cryostat (10 um-thick sections
in Superfrost Plus slides). Sections were incubated 10 min with 4% PFA and washed 3x10
min with phosphate-buffered saline (PBS) to remove OCT. Slides were incubated with ACD
hydrogen peroxide for 10 min, treated in 1x target retrieval buffer (ACD) for 5 min (at 96—100
°C) and rinsed in water and 100% ethanol. Samples were air dried at 60°C during 15 min
and kept at room temperature overnight. The day after, samples were treated with Protease
Plus for 30 min at 40 °C in the RNAscope oven. Hybridization of probes and ampilification
solutions was performed according to the manufacturer’s instructions. Amplification and
detection steps were performed using the RNAscope 2.5 HD Red Detection Kit (ACD,
320497) and RNAscope 2.5 HD Duplex Reagent Kit (ACD, 322430). RNAscope probes
used: Mm-Lphn3 (also named Adgri3) (cat.# 317481), Mm-Rlbp1 (cat.# 468161), Mm-Crym
(cat.# 466131), Mm-Pax6 (cat.# 412821), Mm-SIit2 (cat.# 449691), Mm-Cnatnp2 (cat.#
449381), Mm-Urah-C2 (cat.# 525331-C2), Mm-Dio2 (cat.# 479331), Mm-Hopx (cat.#
405161), Mm-Ntng1-C2 (cat.# 488871-C2), Mm-Trhde (cat.# 450781). Mm-Snhg15 was
custom made (NPR-0009896, cat.# 889191). DapB mRNA probe (cat.# 310043) was used
as negative and Mm-PPIB (cat.# 313911) as positive control. RNAscope assay was directly
followed by antibody staining for chicken anti-GFAP (Abcam, ab4674,1:500) and rabbit
anti-DCX (Cell signaling, 4604S, 1:200) or rabbit anti-S100 (Dako, Z033, 1:100,
discontinued) (Supplementary Table 5). Samples were blocked with TNB solution (0.1 M
Tris—HCI, pH 7.5, 0.15 M NaCl, 0.5% PerkinElmer TSA blocking reagent) 30 min and
incubated in primary antibodies overnight. Samples were washed with PBS-Tx0.1% and
incubated with secondary antibodies Donkey anti-Chicken Alexa 647 (Jackson
ImmunoResearch, 703-605-155, 1:500) and Donkey anti-Rabbit biotinylated (Jackson
ImmunoResearch, 711-065-152, 1:400) in TNB buffer for 1.5 hrs. Samples were washed and
incubated with Streptavidin HRP (1:200 in TNB solution) for 30 min. Washed 3x5 min and
incubated with Fluorescein Tyramide 5 min (1:50 in amplification diluent) rinsed and
incubated with DAPI 10 min. Sections were mounted with Prolong glass Antifade Mountant
(Invitrogen, P36980).

Immunohistochemistry

Coronal sections (n=2 mice, P30) and whole mounts (n=2 mice, P28) were incubated with
Immunosaver (1:200; EMS, Fort Washington, PA) for 20 min at 60°C, and then 15 min at RT.
Tissue was then incubated in blocking solution (10% donkey serum and 0.2% Triton X-100
in 0.1 M PBS) for 1hr. followed by overnight incubation at 4°C1C with the primary antibodies:
mouse anti-CRYM (Santa Cruz, sc-376687,1:100), rabbit anti-BETA-CATENIN (Sigma,
C2206, 1:250), Chicken anti-GFP (Aves labs, GFP1020, 1:400), Rabbit anti-HOPX
(Proteintech,11419-1-AP,1:500)(Supplementary Table 5). On the next day, sections were
rinsed and incubated with Alexa Fluor secondary antibodies. Samples were mounted with
Aqua-poly/mount (Polysciences Inc, 18606-20).
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Confocal Microscopy

Confocal images were acquired using the Leica Sp8 confocal microscope. Samples
processed for RNAscope and immunohistochemistry were imaged at 20x (low magnification)
and 63x (High magnification). For high magnification RNAscope images, 10-15 optical
sections were acquired sequentially and analyzed using Leica Application Suite X (LAS X)
software.

Differential Gene Expression and GO Analysis

We used Seurat 3 functions FindMarkers (two groups) or FindAllIMarkers (more than two
groups) to identify differentially expressed genes among groups of single cells. For detailed
parameters see available code (below). Selection of genes from the resulting lists for further
analysis are described in the text. Gene Ontology analyses of differentially expressed genes
were performed in Panther v.16 (Mi et al., 2021). GO terms with a false discovery rate lower
than 5% were considered statistically significant.

Nuclei to Whole Cell Regional Label Transfer

B cell label transfer: First, we subsetted quiescent B cells from both the scRNA-Seq and
sNucRNA-Seq datasets (clusters B(5), B(14), B(22), and sNucRNA-Seq cluster 7). We
generated the reference sNucRNA-Seq B cell dataset that consisted of equal numbers of B
cells per region, randomly selected from the middle 50% of cells by number of genes
identified per cell (25th-75th percentile of SCT_snn_nFeature). This prevented the region
with the most nuclei from dominating the prediction scores, and filtering cells by nFeature
prior to downsampling resulted in reproducible prediction scoring, likely due to exclusion of
low quality B cells and doublets not rejected in the full dataset quality control steps. Anterior
dorsal and posterior dorsal regions were combined to create the Dorsal reference cell set,
and the anterior ventral and posterior ventral were combined to create the Ventral reference
cell set. Subsetted scRNA-Seq B cells and filtered sNucRNA-Seq B cell sets were
individually normalized using SCTransform. We then ran FindTransferAnchors with the
following settings: reference.assay = "SCT", query.assay = "SCT", normalization.method =
"SCT", npcs=30, project.query=T, and dims = 1:30. We then calculated Dorsal and Ventral
predicted identity scores for each scRNA-Seq B cell using TransferData (Stuart et al., 2019).

A cell label transfer: The same method as above was applied to scRNA-Seq A cell clusters
A(0), A(1), A(4), A(6), and A(15), and sNucRNA-Seq clusters 12 and 29.

RNA Velocity

RNA Velocity in the neurogenic lineage was calculated using scvelo (Bergen et al., 2020),
using 2000 genes per cell. Moments were calculated using 30 PCs and 30 neighbors.
Velocity was estimated using the stochastic model. Pseudotime was plotted using the
original UMAP coordinates.
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Data & Code Availability

The RNA sequencing datasets generated for this manuscript are deposited in the following
locations: scRNA-Seq and sNucRNA-Seq GEO Data Series: GSE165555.

Processed data (CellRanger output .mtx and .tsv files, and Seurat Object .rds files) are
available as supplementary files within the scRNA-Seq (GSE165554) or sNucRNA-Seq
(GSE165551) data series or individual sample entries listed within each data series.

Web-based, interactive versions of the scRNA-Seq and sNucRNA-Seq datasets are
available from the University of California Santa Cruz Cell Browser:
https://svzneurogeniclineage.cells.ucsc.edu

The code used to analyze the datasets and generate the figures are available at the
following location: https://github.com/AlvarezBuyllaLab?tab=repositories

Acknowledgments

We would like to thank Christopher McGinnis and Dr. Zev Gartner for the MULTISeq
barcodes and technical advice. We thank Dr. Aparna Bhaduri, Dr. Alex Pollen and Dr. Dmitry
Velmeshev for input on single cell experimental design and analysis. This work was
supported by grants from the US National Institutes of Health R37 HD032116, R0O1
NS028478, R01 NS113910, a generous gift from the John G. Bowes Research Fund and the
UCSF Program for Breakthrough Biomedical Research, partially funded by the Sandler
Foundation (to A.A.B); R01 NS091544, R01 NS112357 and VA 1101 BX000252 (to D.A.L.);
F32 NS103221 (to S.A.R.); F31 NS106868 (to D.W.); and by the Spanish Generalitat
Valenciana and European Social Fund (APOSTD2018/A113) (to A.C.S). AAAB. is the
Heather and Melanie Muss Endowed Chair and Professor of Neurological Surgery at UCSF.
A.A.B. is Cofounder and on the Scientific Advisory Board of Neurona Therapeutics.

Author ORCIDs:

SAR: https://orcid.org/0000-0002-5580-6269
MAN: https://orcid.org/0000-0002-9830-9801
ACS: https://orcid.org/0000-0003-4623-7655
BM: https://orcid.org/0000-0001-8652-0928
DW: https://orcid.org/0000-0002-9030-3667
KO: https://orcid.org/0000-0002-4025-1299
DAL: https://orcid.org/0000-0001-7221-3425
AAB: https://orcid.org/0000-0003-4426-8925

18


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

References

Aibar S, Gonzalez-Blas CB, Moerman T, Huynh-Thu VA, Imrichova H, Hulselmans G,
Rambow F, Marine J-C, Geurts P, Aerts J, van den Oord J, Atak ZK, Wouters J, Aerts
S. 2017. SCENIC: single-cell regulatory network inference and clustering. Nat Method's
14:1083-1086.

Batista-Brito R, Machold R, Klein C, Fishell G. 2008. Gene expression in cortical interneuron
precursors is prescient of their mature function. Cereb Cortex 18:2306—-2317.

Bergen V, Lange M, Peidli S, Wolf FA, Theis FJ. 2020. Generalizing RNA velocity to
transient cell states through dynamical modeling. Nat Biotechnol 38:1408—1414.

Borrett MJ, Innes BT, Jeong D, Tahmasian N, Storer MA, Bader GD, Kaplan DR, Miller FD.
2020. Single-Cell Profiling Shows Murine Forebrain Neural Stem Cells Reacquire a
Developmental State when Activated for Adult Neurogenesis. Cell Rep 32:108022.

Chai H, Diaz-Castro B, Shigetomi E, Monte E, Octeau JC, Yu X, Cohn W, Rajendran PS,
Vondriska TM, Whitelegge JP, Coppola G, Khakh BS. 2017. Neural Circuit-Specialized
Astrocytes: Transcriptomic, Proteomic, Morphological, and Functional Evidence. Neuron
95:531-549.e9.

Chaker Z, Codega P, Doetsch F. 2016. A mosaic world: puzzles revealed by adult neural
stem cell heterogeneity. Wiley Interdiscip Rev Dev Biol 5:640-658.

Chen Y-JJ, Friedman BA, Ha C, Durinck S, Liu J, Rubenstein JL, Seshagiri S, Modrusan Z.
2017. Single-cell RNA sequencing identifies distinct mouse medial ganglionic eminence
cell types. Sci Rep 7:45656.

Codega P, Silva-Vargas V, Paul A, Maldonado-Soto AR, Deleo AM, Pastrana E, Doetsch F.
2014. Prospective identification and purification of quiescent adult neural stem cells
from their in vivo niche. Neuron 82:545-559.

Corbin JG, Gaiano N, Machold RP, Langston A, Fishell G. 2000. The Gsh2 homeodomain
gene controls multiple aspects of telencephalic development. Development
127:5007-5020.

Coré N, Erni A, Hoffmann HM, Mellon PL, Saurin AJ, Beclin C, Cremer H. 2020. Stem cell
regionalization during olfactory bulb neurogenesis depends on regulatory interactions
between Vax1 and Pax6. Elife 9:e58215.

Delgado RN, Lim DA. 2015. Embryonic Nkx2.1-expressing neural precursor cells contribute
to the regional heterogeneity of adult V-SVZ neural stem cells. Developmental Biology.
doi:10.1016/j.ydbio.2015.09.008

Delgado RN, Mansky B, Ahanger SH, Lu C, Andersen RE, Dou Y, Alvarez-Buylla A, Lim DA.
2020. Maintenance of neural stem cell positional identity by. Science 368:48-53.

Doetsch F, Caillé I, Lim DA, Garcia-Verdugo JM, Alvarez-Buylla A. 1999. Subventricular
zone astrocytes are neural stem cells in the adult mammalian brain. Cell 97:703-716.

Doetsch F, Garcia-Verdugo JM, Alvarez-Buylla A. 1997. Cellular composition and
three-dimensional organization of the subventricular germinal zone in the adult
mammalian brain. J Neurosci 17:5046-5061.

Dulken BW, Leeman DS, Boutet SC, Hebestreit K, Brunet A. 2017. Single-Cell
Transcriptomic Analysis Defines Heterogeneity and Transcriptional Dynamics in the
Adult Neural Stem Cell Lineage. Cell Rep 18:777—-790.

Figueres-Onate M, Sanchez-Villalon M, Sanchez-Gonzalez R, Lépez-Mascaraque L. 2019.
Lineage Tracing and Cell Potential of Postnatal Single Progenitor Cells In Vivo. Stem
Cell Reports 13:700-712.

Fiorelli R, Azim K, Fischer B, Raineteau O. 2015. Adding a spatial dimension to postnatal
ventricular-subventricular zone neurogenesis. Development 142:2109-2120.

Fuentealba LC, Rompani SB, Parraguez JI, Obernier K, Romero R, Cepko CL,

19


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Alvarez-Buylla A. 2015. Embryonic Origin of Postnatal Neural Stem Cells. Cell
161:1644—1655.

Gonzalez-Perez O. 2014. The ventricular-subventricular zone: a source of oligodendrocytes
in the adult brain. Front Cell Neurosci 8:137.

Hack MA, Saghatelyan A, de Chevigny A, Pfeifer A, Ashery-Padan R, Lledo P-M, Gotz M.
2005. Neuronal fate determinants of adult olfactory bulb neurogenesis. Nat Neurosci
8:865-872.

Hafemeister C, Satija R. 2019. Normalization and variance stabilization of single-cell
RNA-seq data using regularized negative binomial regression. Genome Biol 20:296.

Ihrie RA, Alvarez-Buylla A. 2011. Lake-front property: a unique germinal niche by the lateral
ventricles of the adult brain. Neuron 70:674—686.

Kazanis |, Evans KA, Andreopoulou E, Dimitriou C, Koutsakis C, Karadottir RT, Franklin
RJM. 2017. Subependymal Zone-Derived Oligodendroblasts Respond to Focal
Demyelination but Fail to Generate Myelin in Young and Aged Mice. Stem Cell Reports
8:685-700.

Kjell J, Fischer-Sternjak J, Thompson AJ, Friess C, Sticco MJ, Salinas F, Cox J, Martinelli
DC, Ninkovic J, Franze K, Schiller HB, Gtz M. 2020. Defining the Adult Neural Stem
Cell Niche Proteome Identifies Key Regulators of Adult Neurogenesis. Cell Stem Cell
26:277-293.e8.

Kohwi M, Osumi N, Rubenstein JLR, Alvarez-Buylla A. 2005. Pax6 is required for making
specific subpopulations of granule and periglomerular neurons in the olfactory bulb. J
Neurosci 25:6997-7003.

Kohwi M, Petryniak MA, Long JE, Ekker M, Obata K, Yanagawa Y, Rubenstein JLR,
Alvarez-Buylla A. 2007. A Subpopulation of Olfactory Bulb GABAergic Interneurons Is
Derived from Emx1- and DIx5/6-Expressing Progenitors. Journal of Neuroscience.
doi:10.1523/jneurosci.0254-07.2007

La Manno G, Soldatov R, Zeisel A, Braun E, Hochgerner H, Petukhov V, Lidschreiber K,
Kastriti ME, Lonnerberg P, Furlan A, Fan J, Borm LE, Liu Z, van Bruggen D, Guo J, He
X, Barker R, Sundstrém E, Castelo-Branco G, Cramer P, Adameyko I, Linnarsson S,
Kharchenko PV. 2018. RNA velocity of single cells. Nature 560:494—498.

Laywell ED, Rakic P, Kukekov VG, Holland EC, Steindler DA. 2000. Identification of a
multipotent astrocytic stem cell in the immature and adult mouse brain. Proc Natl Acad
Sci U S A97:13883—-13888.

Lim DA, Alvarez-Buylla A. 2014. Adult neural stem cells stake their ground. Trends Neurosci
37:563-571.

Llorens-Bobadilla E, Zhao S, Baser A, Saiz-Castro G, Zwadlo K, Martin-Villalba A. 2015.
Single-Cell Transcriptomics Reveals a Population of Dormant Neural Stem Cells that
Become Activated upon Brain Injury. Cell Stem Cell 17:329-340.

Lois C, Alvarez-Buylla A. 1993. Proliferating subventricular zone cells in the adult
mammalian forebrain can differentiate into neurons and glia. Proc Natl Acad Sci U S A
90:2074-2077.

Lopez-Juarez A, Howard J, Ullom K, Howard L, Grande A, Pardo A, Waclaw R, Sun Y-Y,
Yang D, Kuan C-Y, Campbell K, Nakafuku M. 2013. Gsx2 controls region-specific
activation of neural stem cells and injury-induced neurogenesis in the adult
subventricular zone. Genes Dev 27:1272-1287.

Luongo C, Dentice M, Salvatore D. 2019. Deiodinases and their intricate role in thyroid
hormone homeostasis. Nat Rev Endocrinol 15:479-488.

Martin A, Calvigioni D, Tzortzi O, Fuzik J, Warnberg E, Meletis K. 2019. A Spatiomolecular
Map of the Striatum. Cell Rep 29:4320-4333.e5.

McGinnis CS, Patterson DM, Winkler J, Conrad DN, Hein MY, Srivastava V, Hu JL, Murrow
LM, Weissman JS, Werb Z, Chow ED, Gartner ZJ. 2019. MULTI-seq: sample

20


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

multiplexing for single-cell RNA sequencing using lipid-tagged indices. Nat Methods
16:619-626.

Menezes JR, Smith CM, Nelson KC, Luskin MB. 1995. The division of neuronal progenitor
cells during migration in the neonatal mammalian forebrain. Mol Cell Neurosci
6:496-508.

Menn B, Garcia-Verdugo JM, Yaschine C, Gonzalez-Perez O, Rowitch D, Alvarez-Buylla A.
2006. Origin of Oligodendrocytes in the Subventricular Zone of the Adult Brain. Journal
of Neuroscience. doi:10.1523/jneurosci.1299-06.2006

Merkle FT, Fuentealba LC, Sanders TA, Magno L, Kessaris N, Alvarez-Buylla A. 2014. Adult
neural stem cells in distinct microdomains generate previously unknown interneuron
types. Nat Neurosci 17:207-214.

Merkle FT, Mirzadeh Z, Alvarez-Buylla A. 2007. Mosaic organization of neural stem cells in
the adult brain. Science 317:381-384.

Merkle FT, Tramontin AD, Garcia-Verdugo JM, Alvarez-Buylla A. 2004. Radial glia give rise
to adult neural stem cells in the subventricular zone. Proc Nat/ Acad Sci U S A
101:17528-17532.

Mi H, Ebert D, Muruganujan A, Mills C, Albou L-P, Mushayamaha T, Thomas PD. 2021.
PANTHER version 16: a revised family classification, tree-based classification tool,
enhancer regions and extensive API. Nucleic Acids Res 49:D394-D403.

Mirzadeh Z, Merkle FT, Soriano-Navarro M, Garcia-Verdugo JM, Alvarez-Buylla A. 2008.
Neural stem cells confer unique pinwheel architecture to the ventricular surface in
neurogenic regions of the adult brain. Cell Stem Cell 3:265-278.

Mizrak D, Bayin NS, Yuan J, Liu Z, Suciu RM, Niphakis MJ, Ngo N, Lum KM, Cravatt BF,
Joyner AL, Sims PA. 2020. Single-Cell Profiling and SCOPE-Seq Reveal Lineage
Dynamics of Adult Ventricular-Subventricular Zone Neurogenesis and NOTUM as a Key
Regulator. Cell Rep 31:107805.

Mizrak D, Levitin HM, Delgado AC, Crotet V, Yuan J, Chaker Z, Silva-Vargas V, Sims PA,
Doetsch F. 2019. Single-Cell Analysis of Regional Differences in Adult V-SVZ Neural
Stem Cell Lineages. Cell Rep 26:394—406.e5.

Moreno-Bravo JA, Perez-Balaguer A, Martinez S, Puelles E. 2010. Dynamic expression
patterns of Nkx6.1 and Nkx6.2 in the developing mes-diencephalic basal plate. Dev Dyn
239:2094-2101.

Morshead CM, Reynolds BA, Craig CG, McBurney MW, Staines WA, Morassutti D, Weiss S,
van der Kooy D. 1994. Neural stem cells in the adult mammalian forebrain: a relatively
quiescent subpopulation of subependymal cells. Neuron 13:1071-1082.

Nait-Oumesmar B, Decker L, Lachapelle F, Avellana-Adalid V, Bachelin C, Baron-Van
Evercooren A. 1999. Progenitor cells of the adult mouse subventricular zone proliferate,
migrate and differentiate into oligodendrocytes after demyelination. Eur J Neurosci
11:4357-4366.

Nowakowski TJ, Pollen AA, Sandoval-Espinosa C, Kriegstein AR. 2016. Transformation of
the Radial Glia Scaffold Demarcates Two Stages of Human Cerebral Cortex
Development. Neuron 91:1219-1227.

Obernier K, Cebrian-Silla A, Thomson M, Parraguez JI, Anderson R, Guinto C, Rodas
Rodriguez J, Garcia-Verdugo J-M, Alvarez-Buylla A. 2018. Adult Neurogenesis Is
Sustained by Symmetric Self-Renewal and Differentiation. Cell Stem Cell
22:221-234.€8.

Paul A, Chaker Z, Doetsch F. 2017. Hypothalamic regulation of regionally distinct adult
neural stem cells and neurogenesis. Science 356:1383—1386.

Picard-Riera N, Decker L, Delarasse C, Goude K, Nait-Oumesmar B, Liblau R, Pham-Dinh
D, -V. Evercooren AB. 2002. Experimental autoimmune encephalomyelitis mobilizes
neural progenitors from the subventricular zone to undergo oligodendrogenesis in adult

21


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

mice. Proceedings of the National Academy of Sciences. doi:10.1073/pnas.192314199

Pollen AA, Nowakowski TJ, Chen J, Retallack H, Sandoval-Espinosa C, Nicholas CR, Shuga
J, Liu SJ, Oldham MC, Diaz A, Lim DA, Leyrat AA, West JA, Kriegstein AR. 2015.
Molecular identity of human outer radial glia during cortical development. Cell
163:55-67.

Ponti G, Obernier K, Guinto C, Jose L, Bonfanti L, Alvarez-Buylla A. 2013. Cell cycle and
lineage progression of neural progenitors in the ventricular-subventricular zones of adult
mice. Proc Natl Acad Sci U S A 110:E1045-54.

Reynolds BA, Weiss S. 1992. Generation of neurons and astrocytes from isolated cells of
the adult mammalian central nervous system. Science 255:1707-1710.

Rudqvist N, Parris TZ, Schiler E, Helou K, Forssell-Aronsson E. 2012. Transcriptional
response of BALB/c mouse thyroids following in vivo astatine-211 exposure reveals
distinct gene expression profiles. E/JNMMI Res 2:32.

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, Hao Y, Stoeckius
M, Smibert P, Satija R. 2019. Comprehensive Integration of Single-Cell Data. Cell
177:1888-1902.e21.

Taglialatela P, Soria JM, Caironi V, Moiana A, Bertuzzi S. 2004. Compromised generation of
GABAergic interneurons in the brains of Vax1-/- mice. Development 131:4239-4249.

Tirosh |, Izar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta JJ, Rotem A,
Rodman C, Lian C, Murphy G, Fallahi-Sichani M, Dutton-Regester K, Lin J-R, Cohen O,
Shah P, Lu D, Genshaft AS, Hughes TK, Ziegler CGK, Kazer SW, Gaillard A, Kolb KE,
Villani A-C, Johannessen CM, Andreev AY, Van Allen EM, Bertagnolli M, Sorger PK,
Sullivan RJ, Flaherty KT, Frederick DT, Jané-Valbuena J, Yoon CH, Rozenblatt-Rosen
O, Shalek AK, Regev A, Garraway LA. 2016. Dissecting the multicellular ecosystem of
metastatic melanoma by single-cell RNA-seq. Science 352:189-196.

Tong CK, Fuentealba LC, Shah JK, Lindquist RA, lhrie RA, Guinto CD, Rodas-Rodriguez JL,
Alvarez-Buylla A. 2015. A Dorsal SHH-Dependent Domain in the V-SVZ Produces
Large Numbers of Oligodendroglial Lineage Cells in the Postnatal Brain. Stem Cell
Reports 5:461-470.

Tsai H-H, Li H, Fuentealba LC, Molofsky AV, Taveira-Marques R, Zhuang H, Tenney A,
Murnen AT, Fancy SPJ, Merkle F, Kessaris N, Alvarez-Buylla A, Richardson WD,
Rowitch DH. 2012. Regional astrocyte allocation regulates CNS synaptogenesis and
repair. Science 337:358-362.

van der Kooy D, Weiss S. 2000. Why stem cells? Science 287:1439-1441.

Velmeshev D, Schirmer L, Jung D, Haeussler M, Perez Y, Mayer S, Bhaduri A, Goyal N,
Rowitch DH, Kriegstein AR. 2019. Single-cell genomics identifies cell type-specific
molecular changes in autism. Science 364:685—-689.

Ventura RE, Goldman JE. 2007. Dorsal Radial Glia Generate Olfactory Bulb Interneurons in
the Postnatal Murine Brain. Journal of Neuroscience.
doi:10.1523/jneurosci.0399-07.2007

Vié MP, Evrard C, Osty J, Breton-Gilet A, Blanchet P, Pomérance M, Rouget P, Francon J,
Blondeau JP. 1997. Purification, molecular cloning, and functional expression of the
human nicodinamide-adenine dinucleotide phosphate-regulated thyroid
hormone-binding protein. Mol Endocrinol 11:1728-1736.

Waclaw RR, Wang B, Pei Z, Ehrman LA, Campbell K. 2009. Distinct temporal requirements
for the homeobox gene Gsx2 in specifying striatal and olfactory bulb neuronal fates.
Neuron 63:451-465.

Willaime-Morawek S, Seaberg RM, Batista C, Labbé E, Attisano L, Gorski JA, Jones KR,
Kam A, Morshead CM, van der Kooy D. 2006. Embryonic cortical neural stem cells
migrate ventrally and persist as postnatal striatal stem cells. J Cell Biol 175:159—-168.

Xie XP, Laks DR, Sun D, Poran A, Laughney AM, Wang Z, Sam J, Belenguer G, Farifas I,

22


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Elemento O, Zhou X, Parada LF. 2020. High-resolution mouse subventricular zone
stem-cell niche transcriptome reveals features of lineage, anatomy, and aging. Proc Nat!
Acad Sci U S A. doi:10.1073/pnas.2014389117

Young KM, Fogarty M, Kessaris N, Richardson WD. 2007. Subventricular zone stem cells
are heterogeneous with respect to their embryonic origins and neurogenic fates in the
adult olfactory bulb. J Neurosci 27:8286—-8296.

Ypsilanti AR, Rubenstein JLR. 2016. Transcriptional and epigenetic mechanisms of early
cortical development: An examination of how Pax6 coordinates cortical development. J
Comp Neurol 524:609-629.

Zeisel A, Hochgerner H, Lénnerberg P, Johnsson A, Memic F, van der Zwan J, Haring M,
Braun E, Borm LE, La Manno G, Codeluppi S, Furlan A, Lee K, Skene N, Harris KD,
Hjerling-Leffler J, Arenas E, Ernfors P, Marklund U, Linnarsson S. 2018. Molecular
Architecture of the Mouse Nervous System. Cell 174:999-1014.e22.

Zhuo L, Sun B, Zhang CL, Fine A, Chiu SY, Messing A. 1997. Live astrocytes visualized by
green fluorescent protein in transgenic mice. Dev Biol 187:36—42.

Zweifel S, Marcy G, Lo Guidice Q, Li D, Heinrich C, Azim K, Raineteau O. 2018. HOPX
Defines Heterogeneity of Postnatal Subventricular Zone Neural Stem Cells. Stem Cell
Reports 11:770-783.

Zywitza V, Misios A, Bunatyan L, Willnow TE, Rajewsky N. 2018. Single-Cell
Transcriptomics Characterizes Cell Types in the Subventricular Zone and Uncovers
Molecular Defects Impairing Adult Neurogenesis. Cell Rep 25:2457—-2469.e8.

23


https://doi.org/10.1101/2021.02.10.430525
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.10.430525; this version posted February 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure Legends

Figure 1. Whole-cell and single nucleus sequencing captures the cellular
diversity & activation cascade of the adult neurogenic niche.

A. Schematic of the whole-cell single cell isolation and sequencing protocol
(scRNA-Seq). The lateral wall of the lateral ventricles was microdissected from young
adult hGFAP:GFP mouse brains. Four samples were multiplexed with MULTISeq
barcodes and combined together. Two 10x Chromium Controller lanes were loaded
as technical replicates, and cells were sequenced and processed for downstream
analysis.

B. UMAP plot of scRNA-Seq cell types after demultiplexing and doublet removal.

C. Dot plot of cell type specific marker expression in the clusters from (B).

D. Schematic of single nucleus sequencing (SNucRNA-Seq). Anterior ventral (AV),
anterior dorsal (AD), posterior ventral (PV) and posterior dorsal (PD) regions were
microdissected from young adult CD1 mice. Each region was processed for
sNucRNA-Seq in parallel and loaded into its own 10x Chromium Controller lane.

E. UMAP plot of sNucRNA-seq cell types identified from all four regions after quality
control processing steps.

Figure 1 - Supplement 1. Biological and technical replicate metadata of
scRNA-Seq dataset

A. Diagram representing V-SVZ microdissected areas (red). The V-SVZ was
microdissected from 1mm brain slices from anterior (bregma 1.70) to Posterior
bregma (-0.10 mm) regions. Single cell suspensions from two female samples and
two male samples were multiplexed with MULTI-Seq barcodes (Bar1-4).

B. UMAP plot of sequenced cells after demultiplexing and quality control filtering,
color-coded by MULTI-Seq barcode. Cells with no detectable barcode are labeled
“Negative”.

C. Ratio of cells within each cluster (see Fig 1A, right panel) coming from each Barcode
sample.

D. UMAP plots of cells separated by Barcode number and color-coded by cluster
number (see Fig 1A, right panel).

E. UMAP plot of sequenced cells color-coded by animal sex: Female cells (green)
correspond to Barcodes 3 & 4 combined, male cells (tan) correspond to Barcodes 1
& 2 combined. Cells with no detectable barcode are labeled “Unknown” (gray).

F. Ratio of cells within each cluster (see Fig 1A, right panel) coming from male (tan) or
female (green) mice, or of unknown origin (gray).

G. UMAP plots of cells separated by animal sex and color-coded by cluster number (see
Fig 1A, right panel).

H. UMAP plot of sequenced cells color-coded by 10x Chromium Controller Chip lane
(equivalent to “batch”, or technical replicate): Lane 1 (orange) or Lane 2 (navy).

I. Ratio of cells within each cluster (see Fig 1A, right panel) coming from Lane 1
(orange) or Lane 2 (navy).

J.  UMAP plots of cells separated by Lane and color-coded by cluster number (see Fig
1A, right panel).
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Figure 1 - Supplement 2. Transcriptomic profile of B cells versus
Astrocytes

A. UMAP plot of V-SVZ neurogenic lineage cells (blue) and astrocytes (purple) isolated
from the scRNA-Seq dataset (inset, boxed area).

B. Gene expression of B cell-enriched markers Gfap, GFP, S100a6 (top row) and
astrocyte-enriched markers Aqp4, Cxcl14, S100b (bottom row).

C. Dot plot of the top ten differentially expressed Astrocyte and B cell cluster markers.

D. Dot plot of significantly over-represented Gene Ontology (GO) terms identified by
gene set enrichment analysis using differentially expressed Astrocyte and B cell
genes.

Figure 1 - Supplement 3. Characterization of the sNucRNA-Seq dataset

A. Diagram representing the four V-SVZ microdissected regions: Anterior ventral (AV,
pink), anterior dorsal (AD, dark green), posterior ventral (PV, magenta), and posterior
dorsal (PD, light green).

B. Single nucleus suspensions from each region were processed as separate samples
in parallel.

C. UMAP plot of sequenced nuclei after quality control filtering, color-coded by cluster
number.

D. UMAP plot of sNucRNA-Seq cell types.

E. Dot plot of cell type specific marker expression in the clusters from (D).

F. UMAP plot of sequenced cells color-coded by region: AD (green), PD (light green),
AV (pink), and PV (magenta).

G. UMAP plots of nuclei separated by region and color-coded by cluster number (see
panel C). Below each plot is the number of nuclei and the percent of the total dataset
originating from each region.

H. Ratio of nuclei within each cluster (see panel C) coming from each region sample.

I.  Violin plot of the number of unique molecular identifiers (UMIs) detected per nucleus
or cell (left panel), and number of genes detected per cell (right panel) in each
sNucRNA-Seq region and in the scRNA-Seq dataset (white). Median UMIs:

9,18 13cRNASeq/3 ngsNucRNASeq 5 3-fold difference. Median genes:
3,5495cRNASeaj g7gsNuckNASea 5 2 1-fold difference).

J. Pie charts of cell types represented in sSNucRNA-Seq (left) and scRNA-Seq datasets
(right). The scRNA-Seq dataset contains 60.4% neurogenic lineage cells (shades of
orange; 14,660/24,261 total cells), compared to 10.6% in the sNucRNA-Seq dataset
(4,859/45,820 total nuclei). Conversely, the sNucRNA-Seq dataset contains 61.5%
neurons (shades of purple; 28,185 nuclei, 13 subtypes (panel D), while the
scRNA-Seq contains only 1.6% (395 cells, 3 subtypes (Fig 1A-B). The scRNA-Seq
and sNucRNA-Seq datasets each contain 37.9% (9,206 cells) and 25.1% (11,480
nuclei) glial cells, respectively (shades of plum). Cell types listed in each pie chart
legend are plotted in order, clockwise from coordinate O.
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Figure 2. Characterization of the scRNA-Seq V-SVZ neurogenic lineage

A. The neurogenic lineage has a “bird-like” shape, with B cells forming the head (blue),
C cells in the body (green), dividing cells in the wing (yellow), and A cells in the tail
(red). These are divisible into 14 distinct clusters, including 4 B cell clusters, 1 C cell
cluster, 4 clusters of dividing cells, and 5 A cell clusters (right).

B. -J. Gene expression captures progression along the lineage, with canonical markers
of each stage expressed in its corresponding region of the UMAP plot.

K. Scoring cells by phase of the cell cycle reveals cells in G2M and S phase occupying
the wing of the bird.

L. Pseudotime calculated by RNA velocity recapitulates the B to C to A trajectory along
the neurogenic lineage.

M. Genes associated with B cells, activated B and C cells, and A cells peak in
expression at corresponding stages in the lineage.

Figure 3. scRNAseq reveals regional heterogeneity among adult neural
stem cells

A. -C. UMAP plots of Nkx2.1 (A), Gsx2 (B), and Emx1 (C) expression in the scRNA-Seq
neurogenic lineage.

D. Schematic of the region identity prediction calculation, where anchor gene sets
(dashed gray lines) are calculated between Ventral (magentas) and Dorsal (greens)
sNucRNA-Seq B cell nuclei and scRNAseq B cells (blues) and each scRNAseq B cell
is given a Dorsal or Ventral predicted identity score.

E. The net predicted identity scores of each scRNA-Seq B cell plotted in UMAP space,
where strongly Dorsal predicted identity cells are dark green, and strongly Ventral
predicted identities are dark magenta. Dark gray cells were not included in the
analysis.

F. Dot plot of the average Dorsal or Ventral predicted identity scores for scRNA-Seq B
cell clusters B(14) and B(5+22).

G. UMAP plot of B cell cluster identities used in the following analysis: B(14) (light blue)
and B(5+22) (dark blue).

H. i. Venn diagram summarizing differential gene expression analysis between clusters
B(14) (light blue) and B(5+22) (dark blue).

ii. Numbers of candidate marker genes identified after selecting significantly
upregulated genes expressed in no more than 40% of cells of the other cluster.

I. Heatmap depicting expression of the top 10 differentially expressed genes between
clusters B(14) (left) and B(5+22) (right).

J. UMAP plot of Dio2 expression in the scRNA-Seq neurogenic lineage.

K. - L. Confocal micrograph of Dio2 RNA (magenta), S100b (green) and GFAP (white)
protein expression in the dorsal (K) and ventral (L) V-SVZ.

M. Summary schematic of anterior to posterior V-SVZs of each section (left) and coronal
brain sections (right) denotes strong (magenta), sparse (light magenta) or absent
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(white) Dio2 expression. Boxed areas in the center V-SVZ schematic denote
locations of dorsal (K) and ventral (L) high magnification images.

N. UMAP plot of Urah expression in the scRNA-Seq neurogenic lineage.

O. - P. Confocal micrograph of Urah RNA (magenta), S100b (green) and GFAP (white)
protein expression in the dorsal (O) and ventral (P) V-SVZ.

Q. Summary schematic of anterior to posterior V-SVZs of each section denotes strong
(magenta), sparse (light magenta) or absent (white) Urah expression. Boxed areas in
the center V-SVZ schematic denote locations of dorsal (O) and ventral (P) high
magnification images.

R. UMAP plot of Crym expression in the scRNA-Seq neurogenic lineage.

S. - T. Confocal micrograph of Crym RNA (magenta), DCX (green) and GFAP (white)
protein expression in the dorsal (S) and ventral (T) V-SVZ.

U. Summary schematic of anterior to posterior V-SVZs of each section (left) and coronal
brain sections (right) denotes strong (magenta), sparse (light magenta) or absent
(white) Crym expression. Boxed areas in the center V-SVZ schematic denote
locations of dorsal (S) and ventral (T) high magnification images.

DAPI: blue, LV: lateral ventricle, CC: corpus callosum, Str: striatum. Scale bars: 10
um (K, L, O, P, Sand T).

Figure 3 - Supplement 1.

A. UMAP plot of B cell cluster identities used in the following analysis: B(14), B(5) and
B(22).

B. i. Venn diagram summarizing differential gene expression analysis between clusters
B(14), B(5) and B(22).
ii. Numbers of candidate marker genes identified after selecting significantly
upregulated genes expressed in no more than 40% of cells of the other cluster.

C. Heatmap depicting expression of the top 10 differentially expressed genes between
clusters B(14) (left), B(5) (center) and B(22) (right).

D. Dot plot of the average Dorsal or Ventral predicted identity scores for scRNA-Seq B
cell clusters B(14), B(5) and B(22).

E. UMAP plot of Snhg15 expression in the scRNA-Seq neurogenic lineage.

F. Confocal micrograph of Snhg15 RNA (magenta) expression in the V-SVZ. Insets
denote locations of high magnification images (G) and (H).

G. - H. High magnification of dorsal (G) and ventral (H) V-SVZ regions denoted in (F)
showing Snhg15 RNA (magenta) and GFAP protein (white) expression.

I. UMAP plot of Cntnap2 expression in the scRNA-Seq neurogenic lineage.

J. Confocal micrograph of Cntnap2 RNA (magenta) expression in the V-SVZ. Insets
denote locations of high magnification images (G) and (H).

K. - L. High magnification of dorsal (K) and ventral (L) V-SVZ regions denoted in (J)
showing Cntnap2 RNA (magenta) and GFAP protein (white) expression.

M. UMAP plot of Hopx expression in the scRNA-Seq neurogenic lineage.

N. Confocal micrograph of Hopx RNA (magenta) expression in the V-SVZ. Insets denote
locations of high magnification images (O) and (P).
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O. - P. High magnification of dorsal (O) and ventral (P) V-SVZ regions denoted in (N)
showing Cntnap2 RNA (magenta) and GFAP protein (white) expression.

Q. Summary schematic of anterior to posterior coronal brain sections analyzed (left) and
one of the V-SVZ regions (boxed area on left, enlarged on right). Hopx expression is
summarized as strong (magenta), sparse (light magenta) or absent (white) in
different subregions of the V-SVZ.

R. Confocal micrograph of HOPX protein expression (magenta) in the V-SVZ.

DAPI: blue, LV: lateral ventricle, CC: corpus callosum, Str: striatum. Scale bars: 100
pum (F, J,Hand R) 10 um (G, H, K, L, O and P).

Figure 4. Whole mounts reveal CRYM expression in a wide ventral
domain

A. Confocal micrograph of a hGFAP:GFP coronal mouse brain section, where the
V-SVZ is immunostained for GFP (green) and CRYM (magenta).

B. High magnification image of the dorsal wedge region of the V-SVZ from (A).

C. High magnification image of the ventral V-SVZ from (A).

D. Immunostaining of CRYM (magenta) in a whole-mount preparation of the lateral wall
of the V-SVZ, co-stained with B-CATENIN (white), with a summary schematic
depicting the extent of the CRYM+ domain.

E. - G. Higher magnification images of boxed regions in (D) showing the distribution of
CRYM+ (magenta) in V-SVZ cells outlined by B-CATENIN (white).

H. - 1. High magnification images of GFP+ (green) B1 cell-containing pinwheels in the
dorsal (H) and ventral (1) V-SVZ outlined by B-CATENIN (white), also immunostained
for CRYM (magenta).

A: anterior, P: posterior, D: dorsal, V: ventral. Scale bars: 150 pym (A), 20 ym (B and
C), 200 pm (D), 50 ym (E, F and G) and 10 ym (H and I).

Figure 5. A cell cluster heterogeneity is linked to regionally-organized
dorsal/ventral domains

A. A cells are organized in 5 distinct clusters (1, 0, 4, 6, and 15).

B. Heatmap showing the top 5 differentially expressed genes for each of the 5 clusters.

C. The expression patterns of RIbp1 and Runx1t1 are similar to Vax1 and Pax®,
respectively, which are genes known to be enriched in ventral and dorsal domains of
the V-SVZ.

D. The predicted region scores of each scRNA-Seq A cell plotted in UMAP space,

where strongly Dorsal predicted identity cells are dark green, and strongly Ventral

predicted identities are dark magenta.

Expression patterns of marker genes Ntng1 and Trhde in A cells.

- H. Expression of Ntng7 RNA (magenta) and DCX protein (green) in the dorsal (F)

and ventral (G) V-SVZ, and high magnification of Ntng1-positive A cells (arrows) and

Ntng1-negative A cells (arrowheads) in the V-SVZ (dotted lines).

I.  High magnification of Ntng1 puncta in DCX+ A cells (arrows), and Ntng1-negative A
cells (arrowheads) in the RMS.

J. High magnification image of Thrde RNA (magenta) in DCX+ A cells (arrows), along

nm
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with Thrde-negative DCX+ A cells (arrowheads) in the RMS.
DAPI: blue, RMS: rostral migratory stream, LV: lateral ventricle, CC: corpus
callosum, Str: striatum. Scale bars: 10 um (F and G), 5 ym (H, I and J).

Figure 5 - Supplement 1.

A. UMARP plot of A cell clusters, and UMAP plots of only A cell clusters labeled with
AUCell scores of combined gene expression of genes contained in each of the six
GO categories shown.

B. Trhde expression (magenta) in the dorsal (top row) and ventral (bottom row) V-SVZ,
colabled with DCX (green) and GFAP (white) immunostaining.

C. Trhde expression in the full scRNA-Seq dataset.

D. Dot plot of the average dorsal and ventral prediction scores for each of the A cell
clusters 0, 1, 4, 6 and 15.

DAPI: blue, LV: lateral ventricle, CC: corpus callosum, Str: striatum. Scale bar: 10 ym

(B)

Figure 6. Transcriptional signatures of adult NSC regional heterogeneity
are manifested along the neurogenic lineage

A. UMAP plot highlighting the putative dorsal and ventral B and A cell clusters.

B. Schematic illustrating the approach to identify genes that are differentially enriched in
dorsal B and A, and ventral B and A cells, comparing B(14) to A(1) and B(5) & B(22)
to A(0).

C. Expression patterns of ventral (top row) and dorsal markers (bottom row) identified
as differentially enriched throughout the B-C-A lineage.

D. AUCell scoring of ventral (purple) and dorsal (green) cells based on the combined
expression of genes through the entire B-C-A lineage.

E. Classification of dorsal (green) and ventral (purple) cells in the neurogenic lineage
based on the top quartile of AUCell scores.

F. Volcano plot of significantly differentially expressed genes between the entire dorsal
and ventral neurogenic lineages.

G. - H. RNAscope validation of dorsal lineage marker Pax6 (magenta) with DCX (green)
and GFAP (white) immunostaining. High-magnification images of the V-SVZ dorsal
wedge (G).

H. High-magnification image of the ventral V-SVZ where Pax6 colocalizes with an A cell
(arrow) and B cell (arrowhead).

I. -J. RNAscope validation of dorsal lineage marker RIbp1 (magenta) in the dorsal
wedge ().

J. High-magnification images of RIbp1 in the dorsal V-SVZ, where puncta are visible in
a DCX-positive A cell (arrow).

K. Schematic illustrating the extent and expression levels of dorsal makers Pax6 and
RIbp1 across anterior-to-posterior sections of the V-SVZ.

L. - M. RNAscope validation of ventral lineage marker Adgr/3 (magenta) in the ventral
V-SVZ.
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M. High-magnification image of Adgri3 in the ventral V-SVZ, colocalizing with an A cell
(arrow).

N. - O. RNAscope validation of ventral lineage marker Slit2 (magenta) in the ventral
V-SVZ.

O. High-magnification image of the ventral V-SVZ, where Slit2 puncta colocalize with an
A cell (arrow) and B cell (arrowhead).

P. Schematic illustrating the extent and expression levels of ventral makers Adgri3 and
Slit2 across anterior-to-posterior sections of the V-SVZ. CC: corpus callosum, Str:
striatum, LV: lateral ventricle. Scale bars: 15 ym (G, L and N), 10 uym (I) and 5 ym (H,
J, Mand O).

Figure 6 - Supplement 1.

A. Schematic illustrating the control comparison to identify genes enriched in both
ventral B and dorsal A cells, or in dorsal B and ventral A cells.

B. UMAP plots showing expression of the 3 genes identified in the analysis in (A),
including Cntnap2, Firt2, and Efnas.

C. UMAP plot colored by position score, based on net ventral (purple) and dorsal
(green) AUCell scores.

D. UMAP of the neurogenic lineage split by classification into the ventral (purple) or
dorsal (green) lineage.

E. Violin plot of AUCell score distribution of dorsal and ventral cells shown in (D). NA:
cells not assigned.

F. Ventral and dorsal AUCell scores plotted over pseudotime, as calculated by RNA
velocity.

G. Dotplot representing enriched GO terms identified by marker genes of the dorsal and
ventral lineages (“Lin"), markers of dorsal vs. ventral B cells (“B”), or markers of
dorsal vs. ventral A cells (“A”).

H. , J, L, N. Low-magnification images of the entire V-SVZ in a coronal section, labeled
with RNAscope probes (magenta) against Pax6 (H); Rlbp1 (J); Adgri3 (L) and Slit2
(N).

I, K. High magnification of the ventral V-SVZ from panel H (I) and J (K).

M, O. High magnification of the dorsal V-SVZ from panel L (M) and N (O).

Scale bars: 100 ym (H, J, L and N) and 15 pym (I, K, M and O).

Figure 7. scRNA-Seq reveals dorsal and ventral neurogenic lineage
domains in the V-SVZ

A. A summary of cell types in the neurogenic lineage identified by scRNA-Seq and their
classification into dorsal and ventral transcriptional identities.

B. Schematic depicting the dorsal and ventral domains newly identified by scRNA-Seq
and snucRNA-Seq, and confirmed by staining and RNAscope.
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