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Abstract

Progenitors of the developing human neocortex reside in the ventricular and outer subventricular
zones (VZ and OSVZ, respectively). However, whether cells derived from these niches have
similar developmental fates is unknown. By performing fate mapping in primary human tissue,
we demonstrate that astrocytes derived from these niches populate anatomically distinct layers.
Cortical plate astrocytes emerge from VZ progenitors and proliferate locally, while putative
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white matter astrocytes are morphologically heterogeneous and emerge from both VZ and
OSVZ progenitors. Furthermore, via single-cell sequencing of morphologically defined astrocyte
subtypes using Patch-seq, we identify molecular distinctions between VVZ- derived cortical plate
astrocytes and OSVZ- derived white matter astrocytes that persist into adulthood. Together,

our study highlights a complex role for cell lineage in the diversification of human neocortical
astrocytes.

One Sentence Summary:

Both germinal niches of the developing human cortex give rise to neurons and glia, but contribute
spatially, morphologically, and molecularly distinct astrocyte subtypes.

Radial glia serve as the neural stem cells of the developing neocortex (1, 2). During
midgestation in humans, radial glia can be further classified as either CRYAB™ truncated
radial glia (tRG) that lose their pial contact and remain in the ventricular zone (VZ) (3),

or HOPX™* outer radial glia (0RG) that lose their ventricular contact and reside in the
outer subventricular zone (OSVZ) alongside neuronal intermediate progenitor cells (IPCs)
(4-6)(7-10). These VZ and OSVZ stem cell niches can also be further distinguished based
on their extracellular matrix components (7, 11) and signaling pathway activation (11).
Prior studies have shown that progenitor cells residing in the OSVZ contribute to cortical
neurogenesis (9, 11, 12), astrogliogenesis (13), and oligodendrocytes (14), but the cells
generated by human VZ progenitors are less well-characterized (3). tRG cells emerge at
the onset of astrogliogenesis (3), suggesting that they could also contribute to the cortical
astrocyte pool. To determine whether both VZ and OSVZ progenitors contribute cortical
astrocytes, we performed fate mapping of the human VVZ and OSVZ. Our study revealed
that VZ and OSVZ progenitors give rise to spatially, morphologically, and molecularly
distinct subpopulations of astrocytes, highlighting the complexity of developmental lineage
relationships in the developing human brain.

Cellular output of midgestation germinal zones

To fate map the human VZ and OSVZ niches, we prepared organotypic slice cultures of
primary human neocortex from gestational weeks (GW) 18-23 to capture the time point
shortly after tRG emergence (3) and right at the onset of astrogliogenesis (13). We labeled
these niches in paired slices from the same individual using local delivery of viral vectors
expressing green fluorescent protein (GFP) under the CMV/chicken B-actin (CAG) promoter
(Fig. 1A). Two days after labeling—the earliest time point at which the GFP can be detected—
GFP* cells labeled by VZ infections were found in the SOX29ense, CRYAB* VVZ and
adjacent inner subventricular zone, while cells labeled by OSVZ infections were located

in the SOX2dense, CRYAB~ OSVZ with a few cells in the adjacent SOX25Parse, CRYAB™
subplate (SP) (Fig. 1B, Fig. S1A). To determine the identity of these initially labeled

cells, we stained for several markers of progenitor cell subtypes (Fig. 1C-F, Fig. S1B-C).
Across slices from three individuals, 76% (SD +10%) of the cells labeled by VZ infection
were SOX2* progenitors, and 10% (SD +2%) were CRYAB* tRG (Fig. 1E). After OSVZ
labeling, we found that an average of 55% (SD +8%) of OSVZ infected GFP* cells were
dividing or newly born cells that incorporated 5-bromo-2’-deoxyuridine (BrdU), and that
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10% (SD +4%) were EOMES* neuronal progenitor cells and 5% (£2%) were HOPX* oRGs
(Fig. 1F). Together, this data demonstrates that our local infections are spatially specific and
label progenitor cells.

Next, we compared the distributions of VVZ- and OSVZ-derived cells across the VZ, SVZ,
SP, and cortical plate (CP) (Fig. S2A) after 8-12 days in culture (Fig. 1G, Fig. S2C-C).
Consistent with prior studies (9, 12, 14, 15), both the VZ- and OSVZ gave rise to cells

with neuronal and glial morphologies (Fig. 1H-K). However, across 4-5 individuals OSVZ-
derived glia largely remained within the SVZ, while VVZ-derived glia were found throughout
the cortical wall (Fig. 1L). To confirm that this phenotype was not induced by the serum in
our culture media, we repeated this experiment in serum-free conditions and found a similar
distribution (Fig. S3). To confirm that this observation was not the result of non-specific
labeling during the initial VZ infection, we labeled the VZ using an alternative method

of microdissecting out the VVZ, separately bathing it in virus, and then co-culturing it

with the remaining tissue slice (Fig. S4A). After thirteen days in culture, the transplanted
VZ gave rise to GFP™ cells with both neuronal and glial morphologies (Fig. S4B-1), and

the VZ-derived glial cell population was evenly distributed across all laminae (Fig. S4J).
Together, our data suggest that the VZ and OSVZ give rise to distinct subpopulations of glial
cells with distinct localizations within the developing cortex (Fig. 1N).

Differential distribution of astrocytes and oligodendrocytes

Next, we used co-immunostaining to determine whether this differential glial distribution
could be attributed to molecularly defined astrocytes (SOX9*/OLIG27), oligodendrocyte
progenitor cells (OPCs, SOX9*/OLIG2%), and/or oligodendrocytes (SOX9/OLIG2") (Fig.
2A). We found that all three glial cell types derived from the same niche shared comparable
distribution patterns (Fig. 2B), indicating that this differential glial output is a broad feature
of midgestation gliogenesis. These distribution patterns were also different from those of
interneurons (Fig. S5C), excitatory neurons (Fig. S5C), or all cells (Fig. S5E). However, we
also found a unique enrichment of astrocytes in the CP of VZ-labeled slices compared to
OSVZ-labeled that did not apply to OPCs or oligodendrocytes (Fig. 2C, Fig. S5D). Thus,
while the differential glial output of VZ and OSVZ niches extends to all macroglial cell
types, there is a unique enrichment of VZ-derived astrocytes in the CP (Fig. 2D).

To further confirm that the lack of OSVZ-derived glial migration was not due to a

broader disruption of normal radial migration in our slice culture model, we determined

the distribution of neuronal subtypes by staining for the glutamatergic neuron markers
NEUROD?2 and TBR1 and the GABAergic neuron marker DLX2 (Fig. S5A). We found that
DLX2* cortical interneurons composed a relatively small proportion of GFP* cells in both
VZ and OSVZ infections (Fig. S5B) but that they successfully migrated radially from their
niche of origin (Fig. S5C). Culture in the presence of BrdU revealed BrdU* GFP*/DLX2*
interneurons derived from both VZ and OSVZ labeling (Fig. S5F), consistent with their
dual origin in cortical and subcortical germinal zones in humans (16, 17). By contrast, the
majority of GFP* cells derived from VZ or OSVZ labeling were NEUROD2* glutamatergic
neurons (Fig. S5B) that migrated radially outward from their niche of origin (Fig. S5C), and
included both BrdU~ and newborn BrdU* GFP*/TBR1* glutamatergic neurons (Fig. S5G).
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Taken together, these findings demonstrates that extensive neuronal migration in our slice
cultures are consistent with the expected distributions, indicating that the slice culture model
can support normal patterns of cellular migration.

Morphological analysis of glial cell types

Radial glia and astrocytes undergo morphological transitions across their maturation
trajectory, and morphology is a critical feature used to identify astrocyte subtypes in the
absence of robust molecular markers (18). To determine whether VZ and OSVZ derived
glia are morphologically heterogeneous, we analyzed the morphology of 524 randomly
selected cells with glial morphology across four replicates of paired VZ- and OSVZ-labeled
slices from GW20-GW23. We classified these cells into ‘morphotypes’ based on three
previously described criteria: 1) the length of their primary processes, 2) the density of their
primary processes, and 3) the types of varicosities along their processes (Table S1). This
morphometric analysis resulted in the identification of 12 glial morphotypes (Fig. 3A, Fig.
S6) that are consistent with previous morphology annotations at similar ages (18-20).

We observed expected radial glial morphotypes including radial glia with a single apical
process (21) (Fig. 3A, Fig. S6: “radial glia-no radial processes”) that were derived from and
resided in the VVZ of younger samples (Fig. S7TA-C), as well as radial glia at various stages
of transforming into astrocytes (Fig. 3A, Fig. S6: “radial glia-short radial processes” and
“radial glia-long radial processes™) and oRG-like cells with both apical and basal fibers (Fig.
3A, Fig. S6: “radial glia-two long processes”) derived from and residing in the SVZ of older
samples (Fig. STA-C) (12). We also observed SOX9*/OLIG2*/PDGFRA™* OPCs with few,
smooth processes (Fig. 3A, Fig. S6, Fig. S8A: “sparse smooth processes”) (22), and SOX97/
OLIG2*/SOX10" immature oligodendrocytes with many short, branched processes (Fig.
3A, Fig. S6, Fig. S8B: “bushy processes™) (22). A subset of cells with “bushy processes”
were also beginning to express the mature oligodendrocyte marker MBP (Fig. S8C). These
putative oligodendrocyte lineage cells were derived from both the VVZ and OSVZ and found
across the cortical wall of all ages studied (Fig. STA-C).

Lineage divergence of morphologically distinct astrocytes

The remaining morphotypes that did not possess a primary fiber and did not express OLIG2
represent our putative astrocyte subtypes. These morphotypes included several categories
with a sparser arbor of primary processes: those with “short processes”, those with “sparse
beady processes” defined by long thin processes with small regularly-sized and spaced
swellings, and those with “sparse processes with irregular varicosities” defined by larger and
more irregularly-sized and spaced varicosities (Fig 3A, Fig S6). These morphotypes were
derived from both VZ and OSVZ labeling and found in multiple layers of the cortical wall
(Fig. S7TB-C).

Cells with a dense arbor of primary processes fell into three subcategories: “dense
bulbous processes” with large bulbous varicosities along their processses, “dense smooth
processes” with few varicosities, and “dense beady processes” with regularly spaced
beady varicosities (Fig. 3A, Fig. S6). The “dense bulbous processes” and “dense smooth
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processes” morphotypes were unique in that they demonstrated a bias towards a single
niche of origin and laminar localization. Across four individuals, 82% (SD +13%) of
astrocytes with “dense smooth processes” were derived from OSVZ labeling (Fig. 3B)

and 78% (SD £10%) remained in the SVZ (Fig. 3C) where they represented the dominant
astrocyte morphotype (Fig. 3D, Fig. S7D). Gamma retrovirus labeling (Fig. S10) and BrdU
incorporation experiments (Fig. 3E) demonstrated that the majority (70%, SD+13%) of these
cells were born during the culture period (Fig. S7E), indicating that their lack of migration
out of the SVZ was not due to labeling of mature cells. By contrast, 100% of “dense
bulbous” astrocytes were derived from VZ labeling and BrdU incorporation confirmed they
were born in this niche (Fig. 3B). The majority of these cells (70%, SD +12%) were located
in the CP (Fig. 3C) where they also composed the dominant morphotype (Fig. 3D), in
addition to 29% (SD +£12%) in the SP (Fig. 3C). A subset of cells of this morphotype
expressed AQP4 consistent with their astrocytic identity, and a subset were positive for
Ki67 (Fig. S9), indicating that they could act as a locally dividing progenitor population
(23). Finally, we confirmed that neither of these morphotypes were induced by our culture
conditions by replicating our findings in serum-free media (Fig. S3). Together, this analysis
demonstrates that during midgestation the VZ- and OSVZ give rise to astrocytes with
distinct morphologies and laminar positions within the developing cerebral cortex (Fig. 3F).

characterization of astrocyte morphotypes

Finally, we sought to determine the molecular distinctions between VZ-derived “dense
bulbous” and OSVZ-derived “dense smooth” astrocytes. To make this comparison we used
a modified version of the recently published Patch-seq protocol (22) to use a micropipette
to collect the mRNA from morphologically defined cells followed by whole transcriptome
single cell sequencing (Fig 4A, Fig. S11A). Across 10 individuals, we generated Patch-seq
data for 28 “dense bulbous” astrocytes, 20 “dense smooth” astrocytes, and 22 neurons to
serve as an outgroup. After quality control filtering (see methods) (Fig. S11B-D), we refined
our dataset down to 12 dense bulbous astrocytes, 13 dense smooth astrocytes, 3 dividing
astrocytes, 6 excitatory neurons, and 8 inhibitory neurons of high quality (Fig. 4B). We
then performed differential gene expression analysis to identify 445 genes differentially
enriched in “dense bulbous” astrocytes or “dense smooth” astrocytes (Fig. 4C, Fig. S11E).
To identify the genes that most likely mark these cell types across their lifespan, we cross
referenced our differentially expressed gene list with their expression in published single
cell RNA-sequencing from either the developing (24) or adult (25) human neocortex (Fig.
S11F-G). This analysis highlighted ITGB4 and ANGPTL4 as candidate markers of dense
bulbous and dense smooth astrocytes, respectively, that were also enriched in astrocytes in
both prenatal and adult cortex (Fig. 4D). Finally, we confirmed this prediction by performing
in situhybridization on cultured VZ- or OSVVZ-labeled slices. This work demonstrated that
ITGB4mRNA indeed localizes to VZ-derived dense bulbous astrocytes in the CP, and
ANGPTL4mRNA localizes to OSVZ-derived dense smooth astrocytes in the OSVZ (Fig.
4E, Fig. 12A-C). Together, these experiments demonstrate that the two neural stem cell
niches of the developing human cerebral cortex give rise to spatially, morphologically, and
molecularly unique astrocyte subtypes (Fig. 4H).

Science. Author manuscript; available in PMC 2023 June 24.
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Discussion

Our study illuminates early developmental events that underlie the emergence of human
neocortical astrocyte diversity. We find that during midgestation, OSVZ progenitor cells
give rise to white matter astrocytes, while VVZ progenitors give rise to more superficial

gray matter astrocytes. This differentiation pattern differs from neurogenesis, where OSVZ
progenitors give rise to neurons destined for the upper cortical layers. Because neurogenesis
and gliogenesis overlap extensively in humans (26), unlike in rodents (27), further studies
will be needed to determine if individual human progenitors can give rise to both neuronal
and glial cells during this time period or follow a classical neurogenic to gliogenic ‘switch’,
and whether these patterns of differentiation are maintained throughout development. Our
study also implicates truncated radial glia (3), which have not been described in mice, in
the generation of a distinct subtype of cortical “dense bulbous” astrocytes that have been
previously observed in humans (20, 28), but not in rodents. Additional studies are needed
to determine the developmental origin of other astrocyte subtypes thought to be enriched in
humans, such as varicose projection and interlaminar astrocytes (29, 30).

Astrocytes have been increasingly implicated in neurological disease (31, 32), with distinct
astrocyte subtypes being implicated in schizophrenia, bipolar disorder (33), and autism
spectrum disorders (25). Molecular distinctions between white matter and gray matter
astrocytes identified in this study may enable insights into their unique developmental
features and disease implications. For example, many genes enriched in “dense bulbous”
astrocytes have been implicated in glioblastoma cell proliferation and invasion, such as
1TGB4(34), TMEM158(35), MGMT (36), and CELSRI (37), which could explain their
remarkable migratory behavior. Detailed mapping of the developmental trajectories of these
early astrocyte subtypes through the third trimester and into adulthood will be important

to determine whether this astrocyte diversity is encoded at the level of progenitors or
dynamically influenced by environmental cues present in distinct brain regions or cellular
neighborhoods. In turn, these studies may reveal important subtype-specific vulnerabilities
to environmental or genetic insults that underlie this diverse role for astrocytes in
neurological disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fli_gure 1: VZ and OSVZ niches both give rise to neurons but contribute distinct populations of
1a.

?A) Schematic of experimental design. VZ and OSVZ are visualized on a dissection
microscope, virus is applied to the VZ or OSVZ using a glass needle, and after 8-12

days labeled GFP* cells (green dots) have migrated throughout the slice. Scale bar = 1mm.
(B) GW19 sample 2 days after VZ or OSVZ labeling co-immunostained for GFP and
CRYAB or SOX2. Thick dashed lines indicate ventricular and pial edges, thin dashed lines
indicate borders between laminae. Scale bars = 250um. (C) GFP*/SOX2* or GFP*/CRYAB™*
cells in the VZ 2 days after VZ labeling. White arrowheads indicate double-positive cells.
Scale bar = 25um. D) GFP*/HOPX* or GFP*/EOMES™ cells in the OSVZ 2 days after
OSVZ labeling. White arrowheads indicate double-positive cells. Scale bar = 25um. E)
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Quantification (mean+SD) of the percentage of GFP* cells in the VZ that are SOX2* or
CRYAB™" 2 days after VZ labeling. N=3 independent samples. F) Quantification (mean+SD)
of the percentage of GFP+ cells in the OSVZ that are BrdU*, HOPX™*, or EOMES™* 2

days after OSVZ labeling. N=2-3 independent samples. G) GFP immunostaining of GW20
sample 12 days after VZ or OSVZ labeling. Dashed lines as in (B). Scale bar = 500um.
(H-K) Insets from (G) showing cells with glial morphology (H, J) and neuronal morphology
(1, K). Scale bars = 50um. (L) Quantification (mean+SD) of the percentage of total VZ- or
OSVZ-derived GFP* cells or GFP™ cells with glial morphology located in each lamina of the
developing cortex at the end of culture (n=4-5 independent samples). Laminar borders were
determined using DAPI density (Fig. S2A). Statistical significance assessed with one-way
analysis of variance (ANOVA) with Tukey’s multiple comparisons correction. *: q < 0.033,
**: 0 <0.002, ***: q < 0.001 ns: not significant. (N) Schematic summarizing distribution of
VZ- or OSVZ-derived cells.
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Figure 2: VZ and OSVZ give rise to spatially distinct populations of astrocytes, OPCs, and

oligodendrocytes.

(A) Co-immunostaining showing representative GFP*/SOX9*/OLIG2~ astrocytes, GFP*/
SOX9*/OLIG2* OPC, and GFP*/SOX97/OLIG2* oligodendrocyte. All scale bars = 50um.
(B) Quantification (mean+SD) of the percentage of VZ- or OSVZ-derived astrocytes, OPCs,
or oligodendrocytes that were located in the VZ, SVZ, SP, or CP at the end of culture.

N=4 independent samples for all. (C) Quantification (mean+SD) of the percentage of total
GFP* cells in the CP of VZ- or OSVZ-labeled slices that were astrocytes (Astros), OPCs,

or oligodendrocytes (Oligos). N=3 independent samples. All statistical significance assessed
with two-way ANOVA with Tukey’s multiple comparison test correction. *: g < 0.033,

**: 0 <0.002, ***: q < 0.001 ns: not significant. (D) Schematic summarizing the distinct
distribution of VVZ versus OSVZ-derived astrocytes, OPCs, and oligodendrocytes. Green
color indicates the niche of origin. Arrow line weight corresponds to relative abundance in

the target layer.
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Figure 3: VZ and OSVZ give rise to morphologically distinct astrocyte subtypes.
(A) GFP immunostaining showing representative images of the twelve glial morphotypes

identified in this study. Scale bars = 50um. Red boxes outline morphotypes analyzed later

in the figure. (B) Quantification (meanSD) of the percentage of astrocytes with dense
smooth or dense bulbous processes derived from VZ or OSVZ labeling. (C) Quantification
(meanzSD) of the percentage of astrocytes with dense smooth or dense bulbous processes
located in each lamina at the end of culture. (D) Quantification (meanSD) of the percentage
of GFP+ astrocytes within the SVZ or CP that adopted each of our five identified

astrocyte morphologies. Statistical significance assessed with one or two-way ANOVA with
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Tukey’s multiple comparison correction. *: q < 0.033, **: q < 0.002, ***: q < 0.001

ns: not significant. N=4 independent pairs of VZ and OSVZ infections for (B-D). (E)
Representative images of GFP*/SOX9* “dense smooth” or “dense bulbous” astrocytes that
are BrdU* (white dashed outline) or BrdU~(yellow dashed outline). Scale bar = 50um.

(F) Schematic summarizing the differential contribution of the VZ and OSVZ to astrocyte
morphotypes. Arrow line weight corresponds to relative contribution to the target layer of
the cortical wall.
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Figure 4: “Dense bulbous™ and “dense smooth” astrocytes have unique molecular profiles.
(A) Schematic depicting the collection of mMRNA from morphologically-defined astrocyte

morphotypes using Patch-seq. (B) Heatmap depicting expression of major cell type
marker genes across the 45 cells collected by Patch-seq and used for further analysis.
Horizontal gray lines indicate the borders between expression of markers of astrocytes,
radial glia, oligodendrocyte lineage cells, dividing cells, excitatory neurons, inhibitory
neurons, microglia, and endothelial cells. Div: Dividing cells. EN: excitatory neurons.

IN: inhibitory neurons. (C) Heatmap depicting expression of the 445 genes differentially
expressed between “dense bulbous” and “dense smooth” astrocytes (rows), plotted across
the 25 astrocytes collected by Patch-seq (columns). (D) Dotplots depicting the expression
of ITGB4 and ANGPTL4 across astrocyte morphotypes collected by patch-seq and across
cell types in the prenatal or adult cortex Oligos: Oligodendrocytes; OPCs: oligodendrocyte
progenitor cells; EN: excitatory neurons; IN: inhibitory neurons. (E) /n situhybridization
demonstrating expression of ITGB4 in a VZ-derived dense bulbous astrocyte in the CP
and ANGPTLA4 expression in an OSVZ-derived dense smooth astrocyte in the OSVZ. (H)
Schematic summarizing the contribution of VZ and OSVZ to ITGB4" “dense bulbous”
astrocytes and ANGPTL4" “dense smooth” astrocytes.
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