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Abstract

While the cerebral cortex is organized into six excitatory neuronal layers, it is unclear whether
glial cells show distinct layering. Here, we developed a high-content pipeline, the Large-area
Spatial Transcriptomic (LaST) map, which can quantify single-cell gene expression /n situ.
Screening 46 candidate genes for astrocyte diversity across the mouse cortex, we identified
superficial, mid, and deep astrocyte identities in gradient layer patterns that were distinct from
those of neurons. Astrocyte layer features, established in early postnatal cortex, mostly persisted in
adult mouse and human cortex. Single cell RNA sequencing and spatial reconstruction analysis
further confirmed the presence of astrocyte layers in the adult cortex. Satb2 and Reeler mutations
that shifted neuronal post-mitotic development were sufficient to alter glial layering, indicating an
instructive role for neuronal cues. Finally, astrocyte layer patterns diverged between mouse cortical
regions. These findings indicate that excitatory neurons and astrocytes are organized into distinct
lineage-associated laminae.

Introduction

Cortical structure has classically been described in terms of six excitatory neuronal layers,
generated sequentially during early development (Z). In addition, the cortex is regionally
specialized into areas responsible for motor, sensory and cognitive functions (1). Although
neurons are known to be a diverse population, astrocytes, which comprise about 50% of
brain cells, are generally regarded as functionally homogeneous and interchangeable. Might
glia also be regionally specialized to confer added cortical organizational complexity? Gray
matter astrocytes generally support central nervous system (CNS) structure, nutrition,
regulation of blood flow, the blood-brain barrier, synapse formation and activity (2). While
several studies show functional diversity of astrocytes (3—7) with implications for regional
neural circuit activity or survival (8), precise molecular features of glial spatial organization
underlying cortical architecture remain unclear.

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.
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Single-cell spatial transcriptomic approaches can provide unprecedented detail on cellular
diversity (9), and have been used to investigate the spatial organization of the mammalian
brain (10-12). While some approaches produce highly multiplexed gene expression
information, imaging and high-content data analysis restrict their application to relatively
small tissue areas. Thus, they leave open the important question of how spatial
transcriptomics can be applied to screen large tissue areas, including archival tissues and
human organs, in a single-cell and quantitative manner to demonstrate gene expression
gradients across regions.

Here we developed a method for automated quantitative high-content screening of /n situ
single-cell gene expression in the mammalian brain. We screened 46 candidate genes for
astrocyte spatial organization against known patterns for neurons in the cerebral cortex.
Surprisingly, while astrocytes expression patterns showed laminar and area organization
such glial layers did not correspond to the six excitatory neuronal layers, indicating higher
order complexity of cortical architecture.

Automated pipeline to map single cell cortical gene expression in situ

To map single-cell gene expression across large tissue areas at scale, we automated
multiplexed branched-DNA single-molecule fluorescent in situ hybridization (RNAScope
smFISH, Advanced Cell Diagnostics) with favorable signal-to-noise ratio (13),
immunohistochemistry (IHC), fast confocal imaging, cellular segmentation and
quantification on standard whole mouse brain cryo-sections (Fig 1A). We used spinning disk
confocal microscopy, to image whole tissue sections at high XY and Z resolution, then
modified a high-content screening workflow software (Harmony, Perkin Elmer) to quantify
RNA transcripts per cell. We manually segmented cells into brain regions based on reference
atlases for gene expression analysis (see Extended Methods) to generate quantitative 2D
tissue maps showing spatial single cell regulation of gene expression.

LaST map confirms neuron excitatory layering and reveals novel neuronal architecture in
mouse postnatal cortex

We first validated our Large area Spatial Transcriptomic (LaST) pipeline by mapping
expression of known cortical layer neuron markers for layers 2-4 (L2-4, Cux2), L4 (Rorb),
L5-6 (Bcl11b) and L6 (Foxp2) (1) (Fig 1B,C) in the mouse brain. We performed automated
six-color imaging of 10 anterior-posterior sections across the entire P14 cortex (Fig 1E, F),
totaling 2,216 fields of view and ~300,000 images collected under 25 hours of continuous
acquisition. We used machine-learning based texture analysis combined with NeuN IHC
(neuronal nuclei and cytoplasm) and DAPI staining to identify single neuron soma on max-z
projection images, while also ruling out doublets/triplets (Supplementary Figure 1, Extended
Methods). This approach validated that our technique accurately identified known layer-
specific single-cell and layer-specific neuronal gene expression patterns (Fig 1C) with robust
reproducibility (Supplementary Figure 2).

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.
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Having generated a quantitative map of known cortical neuron gene expression, we tested
whether we could identify and/or discover neuronal subtypes solely from smFISH data in an
unbiased manner. We analysed transcript counts from 46,888 neurons across select broad
cortical areas using a modified dimensionality reduction and hierarchical clustering
approach (Extended Methods, Sup Table 1). Our analysis identified 10 distinct major
clusters based on the expression of the four markers above (Fig 1D) and could robustly
detect low expression differences across neurons (Supplementary Figure 3,4,5). These
clusters primarily represented layer-enriched neuron populations present across multiple
cortical areas (Fig 1C, D, G;, e.g. Bcl11b 9" Foxp2 9/ cluster #9 in L6). In addition, we
captured heterogeneity within cortical layers, exemplified by clusters of Cux2 9" Rorb
negllow (#1 3-5) and Cux2 9" Rorb M9" (#8) within L2-3. We could also accurately
distinguish area-specific differences such as Rorb 9" Cux2 "9/ neurons (#6 and 8) enriched
in L4 of sensory areas and Cux2 ™M@ Bcl11b ™ neurons (#2, likely an interneuron subtype,
Supplementary Figure 6, (14)) in L1-3 and L5 of somatosensory, motor and auditory cortex
(full area maps shown in Supplementary Figure 7). Finally, we found a novel population of
Rorb 9h Cux mid Bel11k 1 neurons (#7) restricted to L5 of anterior somatosensory, barrel
and visual cortex at P14 and P56 (Fig 1C, H; Supplementary Figure 6). To confirm that Rorb
and Bc/11b expression segregates amongst neuronal subtypes in L5, we examined available
cortical single cell transcriptome data (15). Consistently, our survey showed that Rorb and
Bcl11b expression segregate amongst molecular subtypes of L5 neurons in the adult visual
cortex (Supplementary Figure 6). Taken together, these results demonstrate that LaST map
can be used to validate regional qualitative and quantitative predictions about gene
expression in mammalian brain and that it can serve as a tool to sensitively identify novel/
diversified cell populations /n situ.

Laminar gene expression patterns are characteristic of cortical gray matter astrocytes

It is generally accepted that astrocytes in the superficial subpia (L1) and deep L6 show white
matter astrocyte characteristics (16). We next tested whether gray matter astrocytes in L2-5
are molecularly homogeneous, or alternatively, segment into multiple distinct layers? First,
to generate candidate gene lists, we manually dissected the upper (L2-4) and deep (L5-6)
layers of the somatosensory cortex from P14 astrocyte reporter AlahlL 1-GFPtransgenic
mice (17) and performed RNA-seq profiling of FACS-purified astrocytes versus whole
cortex (Fig 2A). The expression pattern of whole cortical tissue showed that the
microdissection accurately captured upper and deep layers. Astrocyte markers were highly
enriched in FACS-purified GFP+ cells over GFP-negative cells and whole cortex tissue as
expected; moreover, most neuronal layer markers were not distinctly expressed amongst
cortical astrocytes (Supplementary Figure 8).

This analysis identified 159 candidate genes with a differing expression between the upper
and deep layer astrocytes (Fig 2B). While most genes showed moderate-layer enrichment,
many also showed layer and astrocyte-enriched expression in published cortical
transcriptome datasets (Supplementary Figure 9). We next validated layer astrocyte gene
expression /n situ. To distinguish astrocyte-specific gene expression by smFISH, we
examined markers for astrocytes (Aldh1l1, AldoC, Glasi), neurons (Syt1, NEUN),
oligodendrocytes (Padgfra, Plp), microglia (7mem119) and endothelia (77eZ) (17). As shown
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in Fig 2C-G, while GlastmRNA showed low expression in Pdgfra+ oligodendrocyte
precursors, high Glast levels exclusively marked astrocytes. GlastmRNA (but not Al/doC or
Aldh1L 1) filled astrocyte soma and main processes, permitting clear delineation of astrocyte
cell borders by image texture analysis.

To avoid double counting, we selected non-overlapping single astrocytes by filtering cells
based on size, DAPI (single-nuclei) and G/ast intensity (Extended Methods, Supplementary
Figure 10 and 11). In addition, we filtered astrocytes and their processes that overlap with
neuronal soma and non-astrocyte nuclei in z-projection images (Fig 2C, Extended Methods).
These measures ensured our smFISH approach counted single cell astrocyte-specific gene
expression /n situ in the context of a large tissue area screen.

To validate candidate layer-associated astrocyte genes /n situ, we first analyzed the P14
somatosensory barrel cortex. We selected the top 46 genes from RNA-seq that showed the
highest differential enrichment between cortical layers and/or astrocyte specificity (Fig 2H,
Sup Table 2). Of these, we confirmed layer enriched expression patterns or rejected genes
that showed subtle variations based on quantitative findings /in situ. For example, 48%
(22/46) showed an expression pattern biased —but not restricted-- to upper layers (e.g.,
Tnirsf19, Mfge8), and 15% (7/46) showed enrichment in all gray matter astrocytes across
L2-6 (e.qg., lgfbpZ2, Kirrel2). Another third (13%, 6/46) showed expression in astrocytes +
neurons and were excluded (e.g., Ddit4/, B3galt2, Supplementary Figure 12). In contrast,
eight genes clearly distinguished upper versus deep layer astrocytes in the somatosensory
cortex (Fig 2H). As shown (Fig 3A-C, Supplementary Figure 13), expression of the BMP
antagonist Chordin-like 1 (Chrd/lZ) (18) was expressed in L2-4 astrocytes while
Interleukin-33 (//-33) (19) was enriched in L5-6. In distinction, Sciellin (Scel), a component
of epithelial cornified envelopes (20), was expressed in mid-cortical (~L4) layers and
transcriptional repressors /dZ and /a3 occupied deep (L5-6) and marginal (L1) layers (21).
These findings show that subsets of cortical gray matter astrocytes show laminar spatial gene
expression heterogeneity.

Astrocyte layers diverge from neuronal laminae

To determine whether glial layers matched excitatory neurons we directly compared the
spatial expression patterns of the 8 top layer astrocyte markers against layer neuron markers
in P14 somatosensory barrel cortex /n situ. We found that astrocyte layer genes generally fell
into three spatial bins comprising superficial, mid and deep laminae. As shown (Fig 3A-D,
Supplementary Figure 13), Chrild1, Scel, Eogt, Spry1, Paqré and //33 were expressed in
patterns that spanned multiple neuronal layers. Astrocyte Chrdl1 expression peaked in L2-4,
with low levels in L1 and L5. Sce/expression was highest in L4-5, with an upper boundary
in mid L2-3. //33expression peaked in L5, with low levels in L4 and L6. Such patterns were
not artifacts of astrocyte size or Glastexpression level differences across layers
(Supplementary Figure 14) and were highly reproducible with expression levels similar to
that of layer neuron markers (Supplementary Figure 15). The layer astrocyte patterns were
also validated with immunohistochemistry (Supplementary Figure 16). Moreover, analysis
of the P56 mouse brain indicated persistence of these patterns, except for the mid-layer Sce/

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.
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expression into adulthood (Fig 3D). Indeed, we found that the upper layer astrocyte Chrall
expression was conserved in the adult human brain (Fig 3E, Supplementary Figure 17).

While we found certain similar features between astrocytes in deep cortical layers and white
matter (WM), most cortical astrocyte layer genes were specific to gray matter. L6 astrocytes
expressed high levels of Gfap, /d1 and /d3, similar to astrocytes in subcortical WM and L1-
subpia (Supplementary Figure 13) (7). Conversely, //33was enriched in L5- 6 gray matter
astrocytes but absent from WM, showing that deep layer astrocyte identity is distinct from
WM. Together, these findings indicate that astrocytes are organized into multiple layers
across the cortical gray matter and that several glial laminae are dissimilar to classic
neuronal layers (Fig 6E). Moreover, such patterns are evident from P14, persist until
adulthood and are conserved in the human cortex.

Astrocyte layers are observed in unbiased single cell transcriptomic data

To independently verify astrocyte layers, we examined the molecular heterogeneity of
cortical astrocytes in a single-cell RNA-seq (scRNA-seq) study (Fig 4A). The single cell
astrocyte transcriptomic database was generated using a modified Smart-Seq2 protocol (23).
Unsupervised clustering with the Louvain method identified two major astrocyte subtypes in
the P56 cortex (Fig 4C). These astrocyte clusters, designated AST2 and AST3, were
distinguished by the expression of Unc13cand Agt, respectively (Fig 4C), and were found to
be largely intermixed throughout cortical layers (23). To reconcile our results with these
findings, we examined the expression pattern of our cardinal layer astrocyte markers in the
scRNA-seq data. As shown (Fig 4D), our layer astrocyte markers were expressed in
subpopulations of cells in the single astrocyte transcriptome data, but not in a cluster-
associated way. These observations suggest that, while layer astrocyte gene expression
patterns can be detected in an unbiased transcriptomic study of cortical astrocytes, there
might be multiple axes of astrocyte heterogeneity (i.e. laminar and non-laminar) in the
cortex.

To determine whether astrocyte layering represents an axis of heterogeneity in the single cell
transcriptome data, we then mapped the scCRNA-seq data to cortical layers using the smFISH
data as a spatial reference (Fig 4B). To infer the cortical layer position of cells profiled in
scRNA-seq, we employed a Bayesian model (22) using 16-layer astrocyte markers profiled
with LaST map smFISH as a reference. The spatial reconstruction allowed us to assign cells
to different layers with high accuracy (Fig 4F, Supplementary Figure 18) and distinguish
astrocyte layers in the single cell transcriptome data (Fig 4E). The two cortical astrocyte
subtypes identified by unsupervised clustering of ScRNA-seq were both located across
multiple layers (Fig 4E, Supplementary Figure 19), consistent with the observation that they
are spatially intermixed (23). We also found that ScRNA-seq clusters derived using the
alternative SC3 method showed a similar non-layer specific distribution (Supplementary
Figure 19). Taken together, these results suggest that cortical astrocytes show at least two
axes of molecular diversity: 1) layer-independent heterogeneity detected by unsupervised
clustering of sScRNA-seq data and 2) layer-dependent heterogeneity demonstrated by our
smFISH-based approach and the spatial reconstruction of sScRNA-seq data.

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.
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Spatial reconstruction of single astrocyte transcriptomes identifies new layer astrocyte

genes

To expand the repertoire of astrocyte layer markers, we used spatial reconstruction of single
cell transcriptomes (22). This analysis yielded 125 genes with layer-associated expression
features. Layer-associated astrocyte candidate genes comprised on average 19% percent of
transcripts per cell and 8% of expressed genes (Supplementary Figure 18, Kruskal-Wallis
FDR-corrected p-value < 0.05); of these, 2/3 were predicted to exhibit upper and deep layer
astrocyte expression (similar to Chrdl and //33), while the remaining third of genes
exhibited WM-like layer profiles (similar to /d3, Fig 4G, Supplementary Figure 18). We
validated three of these predictions with smFISH. As shown (Fig 4H-J), the expression of
the transcriptional regulator Nuclear Protein 1 (Mupr) peaked in L2-4 astrocytes, while the
enzyme Epoxide Hydrolase 2 (Ep/x2) and the proteolipid Neuronatin (Anaf) showed higher
expression in deep layer L5/6 astrocytes. Thus, interrogation of SCRNA-seq data provides
additional insight into the degrees of astrocyte layer heterogeneity in cerebral cortex.

Neuronal specification directly or indirectly determines astrocyte laminar gene expression

During cortical development, neuronal layers are established along a radial glial scaffold
prior to astrogenesis (P0-7 (24)). To investigate whether neuronal factors regulate astrocyte
layer organization, we first examined mice that lack the chromatin remodeling factor Satb2,
which is required to specify superficial post-mitotic callosal neuron identity (25) Satb2
conditional knockout mice (Satb2 cKO, EmxI1-cre x Satb2 floxed/floxed) are deficient in
L2-4 neuron gene expression, lack callosal axon projections and ectopically express markers
of L5-6 neurons in superficial cortical layers (26,27).

We verified that at P14, L4 neurons (Rorb, PamrI) are absent in Satb2 cKO while L2-3
neurons show some ectopic deep layer gene expression (Bc/11b) (Fig 5A, C, Supplementary
Figure 20). As a consequence, we found complete loss of Sce/expression in astrocytes,
while upper layer astrocyte genes Chrdl1and Eogtwere significantly reduced (Fig 5B, D).
Deep layer astrocyte genes (//33, 1d1, 1d3) were unaffected. These findings indicate that
post-mitotic L4-specific neuron identity is necessary for the generation of superficial layer
astrocyte identity (Fig 51). Next, to assess deep layer astrocyte identity in relation to neurons,
we used Reeler (Reln) mice, deficient for secreted Reelin, that show an inversion of radial
glial polarity and neuronal layers (28). In Relnmice excitatory neurons are specified
correctly but fail to migrate to their proper layers, yielding an “inside-out” cortex before
birth (29). As expected (30), at P14 the expression pattern of superficial (Cux2) and deep
laminar markers (Bc/11b, Foxp2) were inverted while L4 neurons (Rorb) formed aberrant
clusters across cortical depth (Fig 5E-G). In addition, we found that superficial and deep
astrocyte layers were inverted (Fig 5F-H). Consistent with the L4 neuron phenotype, SceH
astrocytes were aberrantly located across cortical depth. Together, these findings suggest that
cortical neuronal cues are involved in regulation of astrocyte layer development (Fig 51).

Astrocyte layer characteristics vary between cortical areas

Avre astrocyte layers distinct or similar between functional cortical areas? To investigate
astrocyte arealization, we quantified patterns of top layer astrocyte markers across the P14
cortex. As shown (Fig. 6), astrocyte layer gene expression varied significantly across

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.
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dorsoventral and rostrocaudal cortex. Sce/ expression showed enrichment in L4-5 astrocytes
in the somatosensory areas but was absent from the medial motor and caudal visual cortex
(Fig 6A, B), a pattern that correlates closely with L4 neurons (Fig 6D). In a different pattern,
Chrdl1 showed dorsoventral enrichment in L1-4 astrocytes throughout the cortex (Fig 6C).
In contrast, deep layer astrocyte marker expression was enriched in medial and lateral areas
across the dorsoventral axis (//33, 1d3, Fig 6D, Supplementary Figure 21, 22). Thus,
astrocytes show both laminar and area heterogeneity across the cortex. Collectively, our
observations on the regional heterogeneity of cortical astrocytes and their induction by
neuronal signals show that glial laminae are a fundamental biomarker characteristic of
cortical layer and area architecture (Fig 6E, F).

Discussion

Our findings indicate LaSTmap as a robust technique to validate single cell gene expression
in situ as well as discovery of combinatorial patterns indicative of cell diversity. For
example, our findings indicate a novel Rorb, Bc/11b L5 neuronal sub-type in visual cortex,
as well as molecular diversity of cortical gray matter astrocytes. While a prior study
indicated morphological and gene expression differences in gray matter versus white
matter/L6 cortical astrocytes (7), a surprising biological finding of our study is that cortical
gray matter astrocytes are organized into laminae that are distinct from classic layers of
excitatory neurons. Moreover, our study identified distinct gray matter astrocyte sub-types
within gray matter L2-5. Single-cell quantification of astrocyte layer genes uniquely showed
peaks and troughs of expression across the superficial-to-deep cortex, as well as differences
across functionally distinct cortical areas. As prior studies show that region-restricted
astrocyte mRNA and protein expression are predictors of functions tailored to support of
local neural circuits (8,31,32), astrocyte laminar genes indicate potential additional localized
functions. Indeed, a recent study showed that expression of ChArdl1 in upper layer astrocytes
is essential for local synapse regulation and regulation of developmental plasticity (33).

By introducing an /n silico spatial reconstruction approach, we identified and validated
further markers of layer-restricted astrocytes /n situ. This indicates that identification of cell
type- and region-specific markers by LaSTmap can used to interrogate other datasets for
insights into diversified function, which could play into sophisticated layer-associated neural
circuit activity (34). Interestingly, in a companion analysis, genes from cortical astrocytes
self-organized into two classes with largely excitatory or inhibitory synapse character across
layers (23). Together, these findings suggest that astrocyte laminae include a further axis of
heterogeneity in terms of interactions at the synapse level in excitatory or inhibitory circuits.

International collaboratives such as the Human Cell Atlas and BRAIN initiative have
generated large repositories of gene expression data, and a logical next step is to map back
such expression patterns /n situ within developing tissues and/or mature organs. However,
spatial transcriptomic analysis in human tissue presents a particular scaling challenge.
LaSTmap provides a pipeline to map quantitative gene expression in single cells across large
mouse and human tissue areas. It uses commercially available probes and does not require
special tissue preparation or bespoke imaging equipment. LaSTmap showed reproducibility
across multiple tissue samples/sections and should be adaptable for a range of other tissues
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to obtain regional/qualitative and cellular/quantitative information from ISH reintegrated
into 2D tissue maps. Here we focused on image acquisition from sections representing the
mouse cerebral cortex and we show that use of LaSTmap is feasible in human cortex for
gene expression analysis at the single cell level. Future elaboration with tissue warp
integration would enable /n silico 3D map construction (35).

Analysis of cortical lamination mutants suggested that neuronal cues are required, directly or
indirectly, to establish astrocyte laminae, particularly in L4 where neurons and mid-layer
astrocyte layers do match most closely. While results in Reeler mice are consistent with
astrocyte layering following that of excitatory neuronal layering, we cannot rule out that a
cortical “pre-pattern’ instructs astrocyte precursors to respond to neuronal signals or other
mediator cells involved in astrocyte specification. Indeed, astrocyte-encoded gradient
patterns are typical of cells that have undergone polarization in response to a morphogen,
and upstream regulation of this process is a subject for further study.

Together, our findings indicate the diversification of astrocytes in layer patterns that diverge
from excitatory neurons, indicating a composite “neuroglial” cortical architecture with
higher order complexity. Our study has revealed markers for astrocyte cortical layers that
could provide insight into specialized functions in development and/or disease (36).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LaST map pipeline for mapping cortical neuronal subtypesin situ.
A) Design of automated spatial transcriptomic pipeline.

B) High resolution imaging of large tissue areas. Shown are 40X z-projection images of
Rorb* L4 neurons in the P14 mouse barrel cortex.

C) Automated mapping of layer neuron marker expression and layer neuron subtypes in the
mouse barrel cortex. Automatically identified single neurons are plotted as solid circles and
colored according to expression (middle panels) or subtype classification (right panels).
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D) Identification of neuronal subtypes based on unbiased classification of single cell level
smFISH data. tSNE and hierarchical clustering of 46,888 cortical neurons yielded 10
subpopulations. (Top) Violin plots show single cell expression profiles of clusters, highest
RNA spot count per cell are shown on the left. (Middle) Histograms showing total number
of cells per cluster. (Bottom) Spatial distribution of clusters across cortical areas and five
normalized cortical depth bins, shown as percentage of total neurons in given area/depth bin
(bottom).

E-H) Single cell mapping of cortical neuron subtypes: (E) Low magnification images of P14
hemisections from four different anatomical levels, (F) broad cortical areas included in the
analysis, (G) maps of 10 major neuronal populations, and (H) spatial distribution of area-
restricted L5 Rorb 9" Cux2 M@ Bcl11b % neurons.

n=1mouse, 10 tissue sections independently imaged. Scalebars: (B) 10 um, (C) 100 um,
(E) 1 mm.

Abbreviations: M, motor, S-A, anterior- somatosensory, S-M, medial-somatosensory, S-BF,
somatosensory barrel, S-L, somatosensory-lateral, PT, parietal, A, auditory, V, visual.
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Figure 2. Novel layer expression differences amongst cortical gray matter astrocytesrevealed via
RNAseq and LaSTmap.

A) Diagram showing somatosensory cortical areas and layers used for laminar gray matter
astrocyte RNAseq expression profiling.

B) Novel molecular heterogeneity of layer astrocytes identified by RNAseq. 159
differentially expressed genes between upper and deep layer gray matter astrocytes
(FDR<0.05 and expression threshold of FPKM>5) were detected. Bar plots show mean
expression (/=3 mice for astrocytes, 2 mice for whole cortex).
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C) Identification of astrocyte gene expression with G/ast (Slc1a3) smFISH. The astrocyte
cell area is segmented from the Gl/astsignal and nuclei are segmented from DAPI. Single
astrocytes are selected using morphological and intensity filters, overlapping neurons and
non-astrocyte nuclei are excluded.

D-G) Glastis a specific marker of astrocytes. Solid outlines indicate the cell areas of
identified single astrocytes.

H) Screening candidate layer astrocyte genes with LaSTmap identifies laminar expression
patterns /n situ. Tile heatmaps show average single cell gene expression binned across
cortical depth in the P14 somatosensory cortex (n =2 pooled biological replicates across
multiple tissue sections). Upper and deep layer genes with astrocyte-specific expression are
marked in bold. 7= 2 mice independently assayed, 3 tissue sections imaged per replicate.
Scalebars: (C, left panel) 100 um, (C, other panels) 25 um, (D-G) 25 um, (E, inset) 10 pum.
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Figure 3. Astrocytes show broad expression gradients across cortical depth and diverge from

neuronal layers.

A-B) Upper layer astrocyte enrichment of Chrdl1, Scel and Eogt. Images show the mouse
barrel cortex at P14 (A) and close-ups of astrocytes across layers (B). Astrocyte cell areas
are marked with yellow outlines and nuclei are marked with white outlines.

C) Astrocytes are organized into superficial, mid and deep layers across the cortical gray
matter. Single astrocyte expression maps in the barrel cortex at P14 (top panels) and P56
(bottom panels). Astrocytes are plotted as solid circles and colored quantitively for RNA

spot counts per gene per cell.

D) Single astrocyte quantification of layer astrocyte markers across cortical depth in the

barrel cortex at P14 and P56.

E) Upper layer astrocyte enrichment of Chrdl1 expression in the adult human cingulate
cortex. Quantification of depth binned average single astrocyte expression shown on the

right.

=1 mouse per timepoint, 3 tissue sections imaged independently per gene panel (A-D) and
3 human brains independently assayed, 1-2 sections imaged per case (E). Scalebars: (A) 100

pum, (B, E) 10 um.
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Figure 4. Spatial reconstruction of astrocyte layersfrom single cell transcriptome data.
A-B) Diagrams showing cortical areas and layers used for single astrocyte RNAseq

expression profiling (A) and strategy for spatial gene expression reconstruction (B). C)
Astrocyte clusters in SCRNA-seq data visualized using PCA plots (PC1: 3% PC2: 0.77%. of
variance). Dashed lines indicate the border between the major clusters AST2 and AST3
(colors, top). Bottom plots show the expression of cluster markers (log2 Smart-seq2 read
counts). 7= 2 independent experiments.
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D) Astrocyte layer markers express in subpopulations of astrocytes in SCRNA-seq data but
not in a cluster-specific manner. PCA plots are shown.

E) Predicted astrocyte layering across SCRNA-seq data as a new axis of heterogeneity. PCA
plots (X-axis is PC 1, Y-axis is PC 3) indicate the probability of cell assignment (color) to
the cortical depth bins as diagrammed.

F) The smFISH reference of 16 layer astrocyte markers used for the reconstruction (top) and
the predicted output of the reconstruction(bottom). Expression scaled to sum to 1 across bins
(Y-axis).

G) New candidate layer astrocyte genes predicted by the spatial reconstruction model. The
expression pattern of top 10 new layer astrocyte genes (X-axis) that are most similar to
Chrdl1, 1133and /a3 are shown. Expression scaled to sum to 1 across bins (Y-axis). H-J)
Validation of three new candidate layer astrocyte genes using LaSTmap smFISH. Single
astrocyte quantification across cortical depth in the barrel cortex at P56 (n=3 pooled tissue
sections from one replicate per timepoint) (H). Close-up images of astrocytes. White
outlines mark astrocyte cell areas (1,J). /=2 mice independently assayed, 3 sections imaged.
Scalebars: (1,J) 10 um.

Nat Neurosci. Author manuscript; available in PMC 2021 January 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Bayraktar et al. Page 19

Neuronal Layers, P14 Astrocyte Layers Layer Marker Expression Across Cortical Depth
A B ' control sa2cko C
o Serg o - Cux2 Rorb Ctip2 Foxp2
control  Satb2 cKO 4 e o
— =[S 37 | =R { t
E ou : g X2 5 genotype
S = . $ } -+ control
© $ 1 e
8| = t « A . )
S| g ¥ s
L2-4 { i DA
50 0 50 0 50 0 20
E . 4 Neuron RNA spots
-~ @ D
Chrdl1 Scel 133 1d3
™ £ i 5 o
gl BN N R i
L5-6 g A £ b 3
E “ A H% ," g .".’ " A {
— ..- DI L F < ).-.'-'-*'. ‘l .."
oz, Y LR 3 ( > .,
50 50 0 10 0 20 50 100
spots 0 W rmax Astrocyte RNA spots
E F control Reeler G .
control Reeler Fre e M Rorb Chpd . TR
. e : e I :
3 s N g 7 “Eh genotype
5 SN ETN % e - control
. s E - -
3
A . . 50 20 0 10
oy L ¥ Neuron RNA spots
8 1]« *
@ H
Chrdi1 Eogt Scel 133 1d3
¢ N s . 3. e, Y
g \ A N e
30, 4 8 f. 1 37
ot ot & 7 3 g
Pl 3 ¢ &, 1F
| SR o s £ A8 4 " 43
] . s i L0
Rorb Foxp2 : L L ]
0 50 50 10 0 10 20 50 100
spots 0 I rrax Astrocyte RNA spots
I Neuron Layers Astrocyte Layers

WT  Satb2cKO Reeler Satb2 cKO Reeler

2_3— ) | T 2»3: - * -
& ! : % % i

e | 1

Figure 5. Evidence that post-mitotic neuronal cues establish astrocyte layer identities.
A-D) Satb2 cKO mice show defects in upper layer neuron and astrocyte identity.

A) Images showing aberrant upper neuronal layers in the Satb2 cKO barrel cortex at P14.
B) Single astrocyte maps of layer astrocyte marker gene expression.

C-D) Quantification of cortical depth binned layer neuronal (C) and astrocyte (D) marker
expression in cKO vs control.

E-H) Reeler mice show inversion of neuronal and astrocyte layers.

E) Images showing neuronal layer inversion in the Re/n-/- barrel cortex at P14.
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F) Single astrocyte maps of layer astrocyte marker gene expression.

G-H) Quantification of cortical depth binned layer neuronal (G) and astrocyte (H) marker
expression in cKO vs control.

I) Diagrams depicting layer neuron and astrocyte changes in Satb2 cKO and Relr-/- mice.
=3 mice per genotype independently assayed, 5 tissue sections from each replicate imaged.
Scalebars: 100 um. All data represent mean + s.d. : Two-tailed Student’s t-tests were used
with *P < 0.05,**P < 0.01, ***P < 0.001.
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Figure 6. Astrocyte arealization across the cortex.
A-C) Single cell mapping of astrocyte gene expression across cortical areas. Maps show the

(A) P14 cortical areas used in the analysis, (B) single astrocyte expression of Sce/and (C)
Chrdl1 across the dorsoventral and rostrocaudal extent of the cortex. Astrocytes are plotted
as solid circles and colored quantitively for RNA spot counts per gene per cell.
Arrowheads indicate the restriction of Sce/expression to sensory areas. Abbreviations as in
Fig 1.
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D) Astrocyte layers are distinct across cortical areas. Smoothened tile plots showing the
quantification of neuronal Rorb expression and astrocyte expression of Sce/, Chrdland /133
across the cortical areas and layers

E) Diagrams showing the divergent layer heterogeneity of astrocytes. Our study identifies
superficial (SAS), mid (mAS) and deep (dAS) layer astrocyte subtypes through cortical gray
matter in the postnatal cortex and confirms white matter like (WIAS) properties of L6
astrocytes.

F) 3D model showing astrocyte area and layer heterogeneity. Astrocyte layering is
regionally specialized across the dorsoventral and rostrocaudal extent of the cortex. n=1
mouse, 10 tissue sections independently imaged.
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