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Studies of the spatiotemporal, transcriptomic, and morphological
diversity of radial glia (RG) have spurred our current models of
human corticogenesis. In the developing cortex, neural intermedi-
ate progenitor cells (nIPCs) are a neuron-producing transit-amplifying
cell type born in the germinal zones of the cortex from RG. The
potential diversity of the nIPC population, that produces a significant
portion of excitatory cortical neurons, is understudied, particularly in
the developing human brain. Here we explore the spatiotemporal,
transcriptomic, and morphological variation that exists within the
human nIPC population and provide a resource for future studies.
We observe that the spatial distribution of nIPCs in the cortex
changes abruptly around gestational week (GW) 19/20, marking a
distinct shift in cellular distribution and organization during late neu-
rogenesis. We also identify five transcriptomic subtypes, one of
which appears at this spatiotemporal transition. Finally, we observe
a diversity of nIPC morphologies that do not correlate with specific
transcriptomic subtypes. These results provide an analysis of the spa-
tiotemporal, transcriptional, and morphological diversity of nIPCs in
developing brain tissue and provide an atlas of nIPC subtypes in the
developing human cortex that can benchmark in vitro models of
human development such as cerebral organoids and help inform fu-
ture studies of how nIPCs contribute to cortical neurogenesis.

neuronal | human | cortex | development | progenitor

The human cerebral cortex comprises a diverse set of neurons
that is essential to its functions in perception, judgment, and

sensory integration. Furthermore, it is three times larger than
that of our closest living relative, the chimpanzee. The abun-
dance and diversity of progenitor cells that emerge during de-
velopment contribute to this expansion. The cerebral cortex arises
from the daughter cells produced by radial glia (RG) that serve as
neural stem cells. Ventricular RG (vRG) reside in the ventricular
zone (VZ), a progenitor region that lines the ventricles of the
developing brain. In mammals, vRG can produce neurons directly,
but they more often produce neurons indirectly, via a transit
amplifying cell, the neural intermediate progenitor cell (nIPC).
nIPCs can divide one or more times before producing neurons
(1–4). In rodents, RG produce nIPCs that at early stages of
neurogenesis divide in the VZ, but at later stages migrate out of
the VZ to divide in a secondary proliferative zone, the inner
subventricular zone (iSVZ) (2–5). Clonal analysis has revealed
that in the mouse, nIPCs contribute neurons to all cortical layers
(5). In addition to vRGs, the developing brains of humans and
large brain mammals contain an abundant second type of RG, the
outer radial glia (oRG) cells, that also generate nIPCs (1). oRG
are most abundant in a third proliferative zone, the outer SVZ
(oSVZ), which is considered an expansion of the iSVZ present in
large brain mammals (6). Importantly, oSVZ progenitor regions
containing oRG cells have been observed in the developing cortex
of primates, carnivores, and rodents, including species with gyr-
encephalic or lissencephalic cortices, indicating a likely adaptation
associated with large brain mammals regardless of cortical folding
(7–9). In the dorsal cortex of the mouse, the identity of the SVZ-
dividing nIPCs is driven by EOMES, a transcription factor

enriched in nIPCs, which is sufficient for their generation (10–12).
Within the human brain, multiple single cell studies have shown
that EOMES expression also marks nIPCs (13, 14, 15). In mice,
manipulation of EOMES strongly influences cortical neuron
number (10, 11) and loss-of-function mutations in EOMES are
typically embryonic lethal (16). Likewise, patients with partial
EOMES deletions have developmental disorders, including intel-
lectual disability and autism (17). Despite the relevance of nIPCs
to the evolutionary and developmental expansion of human cor-
tex, human nIPCs remain poorly characterized.
The heterogeneity of other progenitors in the developing hu-

man and primate cortex, including RG and oligodendrocyte
precursor cells, has been tied to temporal, spatial, morphologi-
cal, and transcriptomic characteristics (1, 18, 19–21). However,
similar descriptions of nIPC features are scarce, and previous
descriptions of neural progenitor cells in postmortem preterm
infant tissue are subject to concerns of tissue preservation (22).
Here we analyze the spatiotemporal, transcriptomic, and mor-
phological diversity of EOMES+ nIPCs within developing human
cortex.

Results
Intermediate Progenitors Follow Distinct Spatiotemporal Patterns in
Early vs. Late Neurogenesis. To verify the prevalence and distri-
bution of nIPCs at different stages of human cortical neurogenesis
during the second trimester, we performed immunostaining for
EOMES, which serves as a marker of nIPCs. From gestational
week 10 (GW10) to GW18, the majority of EOMES+ nIPCs form
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a dense band in the iSVZ, with increasing numbers in the oSVZ
(Fig. 1 B–E). Consistent with previous observations that oRGs
produce highly proliferative nIPCs (1), we observed that the nIPCs
in the oSVZ expressed KI67 more often than those in the iSVZ
(Fig. 1C and SI Appendix, Fig. S1). Nevertheless, most nIPCs were
found within the iSVZ from GW14 to GW18 (Fig. 1C). Fur-
thermore, staining with SOX2, EOMES, and TBR1 between
GW14 and GW18 revealed laminar transcription factor expression
in the VZ and iSVZ. SOX2+ cells were present in the VZ, with
EOMES+ cells in the adjacent “inner” iSVZ, and TBR1+ cells
inset from the EOMES+ cells in the “outer” iSVZ (SI Appendix,
Fig. S2). No such pattern was evident in the oSVZ; instead we
observed SOX2-, EOMES-, and TBR1-expressing cells mixed
throughout the oSVZ. The gradient of transcription factors in the
iSVZ, ranging from RG to nIPCs to newborn neurons, suggests
that most nIPCs in the iSVZ differentiate into neurons locally and

do not migrate into the oSVZ to differentiate. Thus, nIPCs born
from the iSVZ may not contribute significantly to the oSVZ nIPC
population.
Between GW19 and GW21, we observed an abrupt change in

both the number and distribution of nIPCs (Fig. 1 B and E).
While EOMES+ nuclei largely disappeared from the oSVZ, a
thin band of EOMES+ cells remained in the iSVZ (Fig. 1C).
This change corresponds to approximately the time period when
gliogenesis becomes dominant (23). We found this pattern in two
out of three samples at GW19 and GW20, and all three samples
at GW21 and GW22. Because this pattern had not been ob-
served before (22), we sought to confirm our observations using a
second EOMES antibody that replicated the same pattern (SI
Appendix, Fig. S3A).
Because nIPCs are hypothesized to give rise to the majority of

neurons during human cortical development (24, 25), we expected

A B C

D E

Fig. 1. (A) The spatiotemporal, transcriptomic, and morphological diversity of nIPCs remains almost entirely unexplored. (B) The GZs expand in thickness
during neurogenesis. The EOMES+ area expands until GW19, after which it virtually disappears in the oSVZ and diminishes in the iSVZ, as shown in E. Distance
measurements were taken from the ventricle to the outermost EOMES+ cell. Error bars represent technical variations from nine independent measurements
of one biological sample. The GW20 measurements represent an average of nine values from both the occipital and prefrontal cortex. Error bars are SD. (C)
From GW14 to GW18, most nIPCs are found within the iSVZ, not the oSVZ. However, in the oSVZ, nIPCs costain with KI67 at a higher rate, indicating that these
nIPCs are more proliferative (C). The percentage of total EOMES in the oSVZ or iSVZ is the number of EOMES+ nuclei in that region over the total EOMES+

nuclei for a given length along the ventricle. The KI67 fraction represents the percentage of EOMES+ nuclei that also stain for KI67 in a given region for a
given length along the ventricle. Error bars are SD. (D) The number of nIPCs expand from GW14 to GW18, during early neurogenesis. (E) Around GW19, the
number of nIPCs abruptly declines. A thin band of EOMES+ cells remains in the iSVZ, and few or no nIPCs are found in the oSVZ. This later distribution was
evident in three out of four samples from GW19 to GW20 and all three samples after GW20.
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that excitatory neuron markers in the germinal zones (GZs) would
follow similar spatiotemporal trends and mostly disappear from
the oSVZ at the same time as EOMES+ cells. To verify this
concordance, we stained for transcription factors NEUROD1,
TBR1, and NHLH2. We found that these markers followed the
expected spatiotemporal pattern (SI Appendix, Fig. S4), with
substantial labeling throughout the germinal zone during peak
neurogenesis (GW18) and few cells remaining in the iSVZ af-
terward. Little to no marker expression was observed in the oSVZ
after GW19/GW20. Since five antibodies for EOMES and neuron
markers across five samples showed little to no staining in the
oSVZ during late neurogenesis, we sought to verify whether the
RG scaffold had changed in the oSVZ at this time. Across our
samples, markers for RG (HOPX and VIM) as well as interme-
diate zone fiber tracts (AChE) matched previous descriptions and
revealed the expected cytoarchitecture of developing human brain
(26–28) (SI Appendix, Fig. S3 B and E). Most neuron marker

staining at later ages was in the cortical plate (SI Appendix, Fig.
S4), indicating that most newborn excitatory neurons have mi-
grated to the cortical plate at this time. These dynamics indicate
that late neurogenesis is marked by a relatively abrupt shift in both
the distribution of EOMES-expressing cells and excitatory neu-
rogenesis across the germinal zones.

Analysis of Single-Cell RNA Sequencing Identifies Subtypes of
Intermediate Progenitor Cells. To identify potential transcriptomic
subtypes of nIPCs in the developing human cortex, we examined a
subclustering of 5,959 Eomes+ cells from a dataset we recently
published (29) collected from five independent samples of GW8
to GW22 human cortex (Fig. 2). Noticeably, no EOMES+ cells
were detected at GW8. This refined dataset was then normalized,
batch corrected, and clustered to identify putative subpopulations
of nIPCs. Given the filtering criteria and the comparative homo-
geneity of nIPCs, we sought to thoroughly verify our clusters and

A B

C D

Fig. 2. (A) Overview of high-quality clusters in t-distributed stochastic neighbor embedding (tSNE) space. “Div” clusters are the dividing clusters. nIPC clusters
(N1–N3) are biased for neuron genes. Archetypal nIPCs express classic nIPC genes, but do not express unique identifying markers. This cluster did not pass the
statistical threshold for a biologically meaningful cluster. (B) Within EOMES-expressing nIPCs, SOX2 and NEUROD6 clearly differentiate clusters and guide
interpretation. SOX2 is biased toward RG-like and dividing clusters, while NEUROD6 is biased toward neuron-like (N1–N3 nIPC) clusters. (C) Many clusters
cross-validated well with specific clusters of EOMES-expressing cells from a previously published GW17–GW18 dataset. N3 and N1 nIPCs validated particularly
well. (D) Several clusters showed a near one-to-one relationship with nIPC clusters from a separate validation dataset.
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cluster markers by generated statistical thresholds from scrambled
data (SI Appendix, Fig. S5). By comparing our clusters to this
significance threshold and heuristically combining clusters based
on similar marker genes, five clear subtypes or states of nIPCs
emerged: three neuronlike nIPC clusters that expressed neuro-
genic genes; one radial glia-like nIPC (RG-like nIPCs) cluster; and
one DLX5+ nIPC cluster (Fig. 2A). The distribution of P values
for all these clusters was also significantly different from similarly
sized clusters of scrambled cells (Dataset S5 and SI Appendix, Fig.
S5). Unbiased clustering can also be influenced by the percentage

of reads in each cell related to important cellular processes, like
cell cycle phase and transcription, especially when other sources of
variation are absent (30, 31). When we removed other cell types,
several clusters formed solely around these processes, and we did
not include these clusters in our nIPC subtype/state analysis. One
cluster, labeled archetypic, had only one marker gene that passed
our significance threshold and no evident similarity to another
cluster to enable combination. Cell cycle, mitochondrial, and ri-
bosomal genes did not appear to influence identity of this cluster,
but the P values of its marker genes were not significantly different

BA

C D

E F

Fig. 3. (A) N1 nIPCs are marked by DNM3. (B) DNM3 is expressed in a subset of nIPCs within both the iSVZ (2) and oSVZ (1) at GW14. Filled-in arrows represent
colocalization and empty arrows represent nuclei with only EOMES. This theme carries through the rest of the figure. (C) N2 nIPCs are marked by strong
NHLH2 expression. (D) NHLH2 is expressed in a subset of EOMES+ nuclei in both the iSVZ and the oSVZ. (E) N3 nIPCs are marked by strong PPP1R17 expression.
(F) PPP1R17 can also be seen in a specific subset of EOMES+ cells in both the iSVZ and the oSVZ.
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from scrambled clusters, leading us to believe that this cluster may
be forming because of technical noise. We report it here to inform
future single-cell studies.
All five nIPC subtype clusters expressed roughly similar

amounts of EOMES (Fig. 2B). SOX2 and NEUROD6 were in-
versely related across the clusters as expected (Fig. 2B). RG-like
nIPCs specifically expressed SOX2, while neuron-like nIPC clus-
ters were marked broadly by neuron genes, including NEUROD6
(Fig. 2B). When we analyzed other single-cell datasets (14), we
found similar nIPC subtypes as measured by marker gene ex-
pression (Fig. 2 C and D). The reproducibility of individual clus-
ters helped validate cluster identities. If clusters represent several
unique transcriptomic subtypes, we would expect each cluster to
correlate with a different set of clusters in other datasets. Instead,
we observed near one-to-one correspondence across two other
single-cell datasets from developing human cortex, highlighting
the robustness of our nIPC subtype classification.

Validation of Intermediate Progenitor Cell Subtypes throughout
Human Neurogenesis. The RG-like nIPCs maintained expression
of many RG progenitor genes, including VIM (32) and SOX2
(Fig. 3). Immunostaining for VIM and SOX2 revealed protein
coexpression in a subset of EOMES+ nIPCs, validating that these
genes identify a transcriptomic subtype of RG-like nIPCs. Because
of this persistent RG gene expression, we hypothesized that if the
nIPCs were uniquely derived from one specific RG subtype they
might also retain subtype-specific gene expression. For example,
oRGs are marked by HOPX, while truncated RG are marked by
NR4A1. However, while marker genes for RG subtypes were
expressed by nIPCs, they did not uniquely mark subclusters of RG-
like nIPCs (SI Appendix, Fig. S6). This suggests that nIPCs derived
from different RG subtypes may not have significantly different
transcriptomes. Additionally, these RG-like nIPCs could be found
in both the iSVZ and oSVZ across multiple ages, further suggesting
that multiple RG subtypes can produce RG-like nIPCs (Fig. 3).
In contrast to the uniform cluster of RG-like nIPCs, three

discrete types of nIPCs emerged from the dataset, each with a
near one-to-one relationship with nIPC clusters from other
published datasets (14) (Fig. 2 C and D). These three types, N1,
N2, and N3 nIPCs, were uniquely enriched for DNM3, NHLH2,
and PPP1R17, respectively. These markers, along with many
others, formed gene sets unique to each cluster (Dataset S2). We
validated each subtype via immunohistochemistry and found that
each marker was expressed in a subset of EOMES+ cells (Fig. 4).
PPP1R17 marked the cell bodies of some nIPCs. DNM3, a
dynamin motor protein, marked a subset of EOMES+ cells.
NHLH2, a neuronal transcription factor, was highly elevated in a
subset of nIPC nuclei. Taken together, these analyses suggest
that each of these three nIPC clusters could be considered as a
discrete biological subtype. All three subtypes were broadly vis-
ible across the iSVZ and the oSVZ (Fig. 3). However, within the
iSVZ, DNM3, and PPP1R17 nIPCs showed a laminar distribu-
tion (Fig. 3 B and F). As previously noted, the iSVZ and OSVZ
can be distinguished by a more radial organization of the oSVZ
and by the appearance of a fiber layer separating the two zones
(6), but also, as shown here, by the denser layer of EOMES- and
PPP1R17-positive IPCs in the iSVZ (Fig. 3F). nIPCs closer to
the ventricle were low or negative for both markers. In contrast,
EOMES+/NHLH2+ cells were distributed across the iSVZ (Fig.
3C). Some of the markers of nIPC subtypes are also expressed by
neurons (SI Appendix, Figs. S4 and S7C), consistent with the
differentiation of neurons from nIPCs. For example, neurons in
the cortical plate also express DNM3 (N1) and NHLH2 (N2).
One nIPC subtype marker, PPP1R17 (N3), was uniquely
expressed in the germinal zone (SI Appendix, Fig. S7A) where it
was also found in cells that did not costain with EOMES (SI
Appendix, Fig. S7B). The presence of TBR1 in these PPP1R17+/

EOMES− cells suggested that this population may represent
neurons derived from N3 nIPCs (SI Appendix, Fig. S7D). These
results suggest that some nIPC subtype markers, like PPP1R17,
may remain expressed in newborn neurons prior to migration out
of the germinal zone.
While most nIPC subtypes were prevalent during early neu-

rogenesis, DLX5+ nIPCs appeared in late neurogenesis (Fig. 5).
When each age within our dataset was clustered independently, a
DLX5+ cluster was not evident before GW18, but was clearly
distinct at GW22 (Fig. 5B).
Likewise, we found that DLX5+ cells are present in a very

small cluster in a previously published GW17–GW18 dataset
(14) (Fig. 5C), while a large DLX5+ nIPC cluster is evident in a
separate GW25 dataset (Fig. 5C). When we evaluated DLX5 and
EOMES coexpression, our samples from GW20 (n = 3) and later
had significant colabeling (Fig. 5D). We did not note such
colabeling, or similar ventricular staining, between GW14 and
GW18 (n = 3). Noticeably, at GW20, we also observed a pro-
portion of EOMES+ cells labeled by GABA (Fig. 5E), suggest-
ing that these progenitors may give rise to GABAergic neurons
(Discussion). These results suggest that unique molecular pro-
grams may be active during late neurogenesis that may not be
expressed at earlier stages. nIPC morphology does not correlate
with transcriptomic subtypes. Many features of the developing
nervous system were initially identified based on observations of
cellular morphology as typified by the work of Ramón y Cajal
(33). RG have been defined by their long radial extensions, while
subtypes of ventricular and outer RG are often differentiated by
the presence or absence of apical extensions. Transcriptomic dif-
ferences have recently been related to RG morphology, and these
features together help define RG subtypes (13, 26). In contrast,
the morphology of nIPCs remains largely undefined. We sought to
characterize the morphology of human nIPCs through viral la-
beling and immunohistochemical approaches (Fig. 6). We began
by infecting organotypic human brain slices with adenoviral-
CMV-GFP to label dividing progenitors and identified nIPCs by
poststaining with EOMES. Reconstruction of EOMES+/GFP+

cells revealed a wide range of morphologies across the iSVZ and
oSVZ. Our results clearly indicate the EOMES+ cells can have
very long processes, up to 175 μm in length (Dataset S4). Cells
with processes less than 30 μm we labeled as either apically biased,
basal biased, or short multipolar, depending on the direction and
number of extensions. Noticeably, we did not observe nIPCs with
only a single long basal process, and only 1 cell out of 53 was basal
biased. However, we did observe several nIPCs with long apical or
bipolar extensions (Fig. 6B), similar to cells that have been labeled
as RG in previous publications (34). Out of 53 total nIPCs, 5 had
no processes, and we observed similar numbers of apical or bi-
polar nIPCs, suggesting that nIPCs are just as likely to have long
processes as they are to have none (spherical morphology). In
contrast, short multipolar and horizontal nIPCs constituted more
than half of nIPCs (Fig. 6C). To control for alterations that could
result from organotypic slice culture or viral labeling, we sought to
identify nIPC morphologies in thin sections of fixed tissue stained
for EOMES and PPP1R17, a marker that labels the cell bodies of
N3 nIPCs. Among EOMES+/PPP1R17+ cells we observed hori-
zontal as well as apical and bipolar morphologies, corroborating
our previous observations (Fig. 6D). As with our viral labeling
approach, we did not find obvious examples of basal PPP1R17+

nIPCs. Our PPP1R17 staining also suggests that morphologies do
not correspond to transcriptomic subtypes, since N3 nIPCs could
be observed with multiple different morphologies (Fig. 6D). The
large morphological diversity across individual nIPCs suggests that
caution should be exercised when identifying cell types based on
morphology alone.
To further investigate the possible correspondence between

transcriptomic subtypes and morphology, we quantified the SOX2
expression status of our reconstructed nIPCs shown in Fig. 6A.
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SOX2 marks RG-like nIPCs in humans, and we found that apical
and bipolar nIPCs had a clear positive bias for high SOX2 ex-
pression. However, Sox2-high cells also had other morphologies
and at similar numbers to Sox2-low/negative cells (Fig. 6E). This
wide range of observed morphologies suggests that transcriptomic
nIPC subtypes may not be reliably identified based on their
morphology alone. Lastly, we identified EOMES+ cells with low
levels of PPP1R17 in the VZ/iSVZ. These cells were particularly
common between GW14 and GW18, and had apical projections
extending to the ventricle, a feature characteristic of vRGs (Fig.
6F). These nIPCs could potentially be influenced by factors within
the ventricle or the ventricular niche. Our findings suggest that
apical surface contact, long apical processes, or long bipolar pro-
cesses cannot be used as the sole basis for identifying radial glia as
these features are also observed across multiple nIPC types.

Discussion
Studies of the progenitor cells underlying human cortical neu-
rogenesis have largely focused on RG cells. Indeed, models of
corticogenesis center around spatiotemporal, transcriptomic, and
morphological diversity of the RG population, of which there
appear to be at least three subtypes in the developing human brain
(13, 18, 19, 26, 35). However, neuronal output during neuro-
genesis also depends significantly on the role of nIPCs. Defining
the identity and diversity of nIPCs will be critical to understanding
the production of neuronal diversity during normal development
as well as alterations to neural populations associated with neu-
rodevelopmental diseases. A comprehensive atlas of human nIPC
cell subtypes can help resolve lineage relationships of neuronal
and glial cell types and may clarify the intermediate steps by which
RG influence neurogenesis and corticogenesis. In our study, we
observe RG-like and N1 to N3 nIPC subtypes in both vRG and
oRG niches, the iSVZ and oSVZ, respectively, during early neu-
rogenesis. After GW19/GW20, we observe that the oRG niche
becomes depleted of nIPCs, with only small numbers remaining in
the iSVZ. We find a clear difference in EOMES between the

iSVZ and the oSVZ in all samples at all ages, with a clear laminar
pattern in the iSVZ, regardless of age, and an abrupt decrease in
EOMES across the oSVZ at the end of neurogenesis. Previous
studies have also found a shift at this time, but with a different
pattern of EOMES staining. Malik et al. reported a diffuse and
relatively unstructured pattern across the SVZ, with little to no
structural difference between the iSVZ and oSVZ (22). Several
experimental details may explain the difference in observation, as
Malik et al. relied on tissue collected after a much longer post-
mortem interval, from patients suffering from serious premorbid
conditions, including sepsis, heart failure, respiratory failure, and
necrotizing enterocolitis. In contrast, our samples were collected
with a postmortem interval of 10 to 20 min. It is difficult to as-
certain whether the observed differences result from a greater
postmortem interval, a biologically important stress response, or
other experimental differences.
We did not observe the diffuse, late neurogenic staining pat-

tern of Malik et al. (22) using two different EOMES antibodies,
and multiple neuronal markers that were expressed earlier in the
germinal zone. Additionally, we see a concordance between our
staining pattern and the single-cell data, with N1, N2, and N3
nIPC clusters enriched for early nIPCs and depleted of late
neurogenic nIPCs (after controlling for sample size). Since we
observe a dramatic shift in the distribution of nIPCs, late neu-
rogenesis may be a developmentally distinct period from early
neurogenesis. We find four nIPC subtypes that dominate early
neurogenesis across both the iSVZ and oSVZ and a fifth tran-
scriptomic subtype of nIPC unique to late neurogenesis. These
five nIPC subtypes were validated using three independent ap-
proaches: internal statistical controls, bioinformatic cross-validation
with two other datasets, and immunohistochemistry. The primary
transcriptional features appeared to be maturity, with one RG-like
IPC, and four more neuron-like nIPC subtypes. The transcriptional
features of more neuron-like nIPCs may be evidence that neuron
subtype identity starts emerging at the nIPC stage. For example,
NHLH2 marks both N2 nIPCs and a specific subset of excitatory

BA

Fig. 4. (A) RG-like nIPCs coexpress several classic RG genes including SOX2 and VIM. (B) VIM and SOX2 protein are colocalized with a subset of nIPCs in the
iSVZ and the oSVZ. VIM, SOX2, and EOMES triple positive cells are marked by filled-in arrows. EOMES+ nuclei are marked by empty arrows.
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neurons in the cortical plate (13). However, the neuronal lineages of
N1 and N3 are not as clear, since DNM3 appears to be broadly
expressed in the cortical plate, and PPP1R17, an excitatory lineage
gene, is expressed only by IPCs and newborn excitatory neurons in
the germinal zone (SI Appendix, Fig. S7 A and D) (13). It is
tempting to speculate that these two broader subtypes (N1 and N3)
may relate to the broader categories of upper layer intracortical and
deep layer subcortical projection neurons. It is also possible that the
RG-like nIPCs produce the more neuron-like N1, N2, or N3 nIPC
subtypes. However, significant follow-up work will be needed to test
this hypothesis and elucidate the exact lineage of N1 and N3 nIPCs.
Unlike RG, the transcriptomic nIPC subtypes do not appear to be
correlated with a particular morphological feature. However, nIPC
morphologies do overlap with some morphological patterns typi-
cally seen in RG. Our observations help clarify the range of mo-
lecular and morphological properties of nIPCs and can be used to
identify the functions of nIPC subtypes in future studies.
While the majority of nIPCs are found in the iSVZ, a significant

number of nIPCs appear in the oSVZ in early neurogenesis, where
we observed higher rates of KI67+ labeling, suggesting high pro-
liferative activity. These results are consistent with previous ob-
servations of nIPCs dividing multiple times unlike their mouse
counterparts that usually undergo one division (2, 3). These ob-
servations suggest that oSVZ nIPCs may be more highly prolifer-
ative than their iSVZ counterparts. Surprisingly, this observation
was the only clear molecular difference between nIPCs in the iSVZ
and the oSVZ, despite evidence that these nIPCs arise from mo-
lecularly and morphologically distinct RG subtypes. Cytoarchi-
tecture does not appear to be strongly correlated with gene

expression and did not suggest a relationship between a particular
nIPC subtype and an RG subtype, though we cannot definitively
rule out a possible lineage association. Most transcriptomic nIPC
subtypes (RG-like and N1 to N3 nIPCs) were found across both
the iSVZ and oSVZ. The only spatial bias appears to be with N1
and N3 nIPCs, both of which showed preferential location within
the iSVZ. This pattern changed after GW19, when the spatial
distribution of nIPCs dramatically shifts. At this point, a novel
DLX5-expressing nIPC appears (Fig. 5 B and C). The absence of
nIPCs in the oSVZ and the minimal number of nIPCs in the iSVZ
at these later timepoints suggest a change in neurogenesis and
coincide temporally with the onset of gliogenesis (23). The near
absence of excitatory neuron markers in the proliferative zones at
this age supports this notion (SI Appendix, Fig. S2). These obser-
vations are also consistent with the model that excitatory neuro-
genesis is largely dependent on EOMES but suggests that the
inverse may not be true. EOMES might be capable of promoting
inhibitory neuronal identity as well. The presence of GABA within
the iSVZ, and within EOMES+ cells specifically, suggests that
GABAergic neurons may arise from nIPCs in the cortex at late
stages of neurogenesis. These results are consistent with a previous
report of rare DLX+ and GABA+ radial glia in the human dorsal
cortex during late neurogenesis (GW20) (36). The exact nature of
this late neurogenic period, whether locally produced GABAergic
neurons are destined for the cortex or possibly for the olfactory
bulb, and the noncanonical role of EOMES and DLX5 will be
interesting to explore. In developing rodent cortex, EOMES+

nIPCs are known to contribute to extracortical sites, such as the
lateral olfactory bulb tract and ventromedial hypothalamic nucleus,

A B C

D

E

Fig. 5. (A) One cluster of nIPCs expresses DLX5. (B) This DLX5+ cluster appears at later ages in our dataset. The DLX5+ cluster is absent at GW10 and GW14. By
GW18, this is a small cluster to the Left, and by GW22, there is a large cluster of DLX5+ cells. This pattern repeats with other datasets. For the GW17–GW18
Polioudakis et al. (16) dataset, a small cluster of DLX5+ cells is visible. (C) Our validation dataset (GW25) confirms a DLX5+ population. (D) DLX5 and EOMES
costains a subset of EOMES+ cells at GW20 and GW22. Filled-in arrows mark costaining, and empty arrows mark EOMES staining. (E) EOMES+ cells at GW20 can
also be GABA+, suggesting that inhibitory neurons may be generated from these nIPCs at this time. Colabeled cells are marked with filled-in arrows.
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but do not give rise to cortical interneurons (5). A source of cor-
tical GABAergic interneurons in the developing human cortex
would represent a species difference between human and mouse.
Here we have conducted an analysis of nIPC morphotypes and

attempted to relate them to molecular subtypes. Unlike RG, we
find that nIPC morphologies do not relate well to transcriptomic
subtypes and may exhibit RG-like shapes, such as long apical and
bipolar extensions. However, long range basal processes may be
unique to oRG cells, since we did not observe this morphological

feature in nIPCs. We frequently observed EOMES+ cells with
these morphologies, suggesting caution when classifying pro-
genitor cells by these features (34). The clear bias for high SOX2
expression in morphotypes with long processes indicates that
RG-like nIPCs may preserve a RG-like morphology. However,
roughly half of our spherical EOMES+ cells were RG-like nIPCs
based on SOX2 expression. The diversity of RG-like nIPC mor-
phologies may help explain observations from Betizeau et al.,
where RG-like cells with long bipolar or apical extensions could be

A B

C

D

F

E

Fig. 6. (A) A representation of reconstructed nIPCs based on GFP viral labeling and EOMES costaining. (B) nIPCs can have very long extensions that resemble
radial glia. (C) Most labeled nIPCs either had no extensions (spherical), had minimal extensions (less than 30 μm), or had horizontal morphologies with long
extensions that ran parallel to the VZ. (D) PPP1R17+/EOMES+ cells have varied morphologies with both apical and basal extensions (filled-in arrows) and with
only apical extensions (empty arrows). Horizontal morphologies can also be found. (E) Sox2 expressing nIPCs can have varied morphologies. (F) nIPCs can
contact the ventricle. EOMES+ cells with low PPP1R17 expression can have extensions to the ventricular edge. We observed this staining in all samples ob-
served from GW14 to GW18.
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produced by cells without processes that were defined as nIPCs
(34). Betizeau et al. also observed cells with bipolar morphology
that retracted their processes entirely. Importantly, the above
patterns were true only for bipolar and apical morphologies, not
basal ones. These observations correlate well with our observa-
tions of nIPC morphologies. It is highly likely that RG-like nIPCs
with apical and bipolar processes can dynamically change shape.
RG-like nIPCs may convert from bipolar or apical to spherical and
produce additional RG-like nIPCs, which then extend long, RG-
like processes. The potential for such dynamic activities requires
future study. Additionally, we observed long horizontal processes
in Sox2 low/negative IPCs, suggesting that long processes are not
unique to RG-like nIPCs. To validate that nIPC subtypes could
take on a wide variety of shapes in vivo, we stained for PPP1R17,
which marks the cell bodies of nIPCs and their processes.
PPP1R17 is also not highly expressed by RG-like nIPCs (SI Ap-
pendix, Fig. S5). We observed PPP1R17+ nIPCs with a wide range
of morphologies, corroborating our viral labeling in organotypic
cultures.
Additionally, we found that nIPCs can have extensions to the

ventricle, a trait traditionally linked to RG. These results indicate
that RG morphological properties alone, including apical exten-
sions and long basal processes, cannot be used to differentiate
between RG and nIPCs.
Within the RG population, spatial, molecular, and morpho-

logical diversity converge upon clear cellular subtypes. For nIPCs,
however, our results indicate that these defined axes of variation
do not similarly converge (Fig. 7). While transcriptomic subtypes
can be found, they do not relate well with germinal zone niche or
morphological features. We also found a dramatic temporal shift
of nIPC diversity as neurogenesis shifts to gliogenesis, altering the
distribution of nIPCs in the germinal zones and correlating with
the appearance of a novel nIPC subtype. These results provide a
dynamic roadmap of changing nIPC diversity and characteristics
during human brain development and will help inform future
studies of the mechanisms by which nIPCs influence neurogenesis.

Methods
Bioinformatics Analysis.Ourmain dataset was published by Bhaduri et al. (29).
All initial clustering and marker identification were conducted in Seurat
version 2. When noted, some subsequent analysis was conducted in Seurat
version 3. Cells were quality controlled by less than 5% mitochondrial input.
We filtered for all cells that expressed EOMES above 0.25 after normaliza-
tion. The comparison dataset was a GW17–GW18 dataset from ref. 14. After
filtering, the cells were scaled and batch corrected according to methods
previously described (29). We ran the FindAllMarkers command and

correlated the specificity. Using this correlation matrix and our clustering of
scrambled data, we combined these initial clusters heuristically. The final
clusters included one defined entirely by ribosomal genes, and two clusters
defined by mitochondrial genes. Three clusters were defined by cell cycle
genes and scored as either G2/M or S phase cells by Seurat’s cell cycle scoring
function. The remaining clusters were considered high-quality G1 phase
clusters and tentatively representative of biological subtypes.

Clusters and Cluster Marker Generated on Scrambled Data. Both technical
noise and biological variance can drive single-cell clustering, which a priori
biases differential gene expression calculations. We found that even scrambled
data could generate statistically significant differentially expressed cluster
markers, and this P value may vary according to cluster size. To evaluate the
significance of differentially expressed marker genes, we created a significance
threshold of each cluster according to size by generating a distribution of
marker P value scrambled data. Cluster markers were evaluated by their cor-
responding cluster’s P value threshold. In more detail, the original gene ex-
pression matrix was scrambled 1,000 times by genes across single cells. This
scrambling preserved the distribution of individual gene expression but
scrambled any coordinated gene expression that might mark biological nIPC
subpopulations. For each iteration, clustering was performed at varying res-
olution to generate a range of cluster sizes. For each iteration and resolution,
we recorded the cluster sizes and identified positively expressed cluster
markers using the Seurat command FindAllMarkers. To generate our com-
parison distribution of P values, we identified all clusters that were within 50
cells of each original cluster size, and for each iteration, we found the reso-
lution for which the most clusters were generated. Using this filtered marker
list, we generated a null distribution of false positives using significant (P <
0.05) Benjamini–Hochberg corrected P values. After a negative-log transform,
we used the 95th quantile of these P values as our significance threshold. A
robust number of significant markers were found in all our final clusters, with
exception of archetypic nIPCs (Dataset S2). Given that clustering could be
influenced by technical noise, we validated the significance of each cluster by
comparing its P value distribution to P values generated from similarly sized
clusters of scrambled data, as discussed previously. After conducting an un-
paired Mann–Whitney U test without continuity correction, all but one cluster
(archetypic) had marker P values that were significantly different from the
scrambled dataset (Dataset S3). Code for this work can be found at https://
github.com/MPPebworth/HumanIPCs. Viral labeling of slice culture and anal-
ysis of organotypic slices of developing human brain tissue were prepared and
infected with CMV::GFP adenovirus (Vector Biolabs) as previously described (1,
29). Four to five days after viral infection, the slices were fixed in 4% para-
formaldehyde for 1 h at room temperature, and washed two times in phos-
phate buffered saline. Slices were then stained according to a previously
described protocol with antibodies for GFP (1:500, AB13970 Abcam, RRID: AB_
300798), Sox2 (1:300, sc-365823 Santa Cruz Biotechnologies, RRID: AB_
10842165), and EOMES (1:250 AF6166 R&D Systems, RRID: AB_10569705) (1).

Fig. 7. Transcriptomic subtypes of IPCs are distinguished by their stage of differentiation (A) and are not distinguished by location or morphology (B).
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Morphological Analysis. For morphological analysis, we identified nIPC mor-
phologies based on the number, direction, and length of extensions. When
we could track extensions farther than 30 μm toward the basal surface, apical
surface, or both surfaces, we designated the nIPC morphology as either
basal, apical, or bipolar, respectively. If extensions were less than 30 μm
apically, basally, or directionally, morphologies were labeled as either api-
cally biased, basally biased, or as short multipolar. Cellular extensions were
measured until they passed by other GFP+ cells and extensions and could not
be reliably tracked further. As such, our measurements represent a conser-
vative estimate of nIPC projection length. Some nIPCs had no evident ex-
tensions and were labeled as spherical. Finally, for some nIPCs, we could only
reconstruct the morphology in one direction because of the presence of
other cells, and these cells were labeled as indeterminant. Three-dimensional
cell reconstruction was done with the Imaris image analysis software.

Immunohistochemistry. Developing human brain tissue was prepared for
sectioning as previously described (1, 13). Slices were stained with primary
antibodies for SOX2 (1:300, sc-365823 Santa Cruz Biotechnologies, RRID: AB_
10842165), PPP1R17 (1:150 HPA047819 Atlas Antibodies/Sigma Aldrich, RRID:
AB_2680166), EOMES (1:250 AF6166 R&D Systems, RRID: AB_10569705), DNM3
(1:100 GTX23458 GeneTex, RRID: AB_385058), NHLH2 (1:100 HPA055238
Sigma Aldrich, RRID: AB_2682752), DLX5 (1:100 HPA005670 Sigma Aldrich,
RRID: AB_1078681), VIM (1:250 AB5733 EMD Millipore, RRID: AB_11212377),
SATB2 (1:250 AB92446 Abcam, RRID: AB_10563678), TBR1 (1:100 20932-1-AP
Proteintech, RRID: AB_10695502), and NEUROD1 (1:100 AB60704 Abcam, RRID:
AB_943491). For TBR1, PerkinElmer’s TSA kit (RRID: AB_2572409) was used to
amplify signal, following methods from previously published work (37).

Tissue Collection. As previously published, developing human brain tissue was
obtained and processed according to guidelines approved by the University
of California, San Francisco Human Gamete, Embryo, and Stem Cell Research
Committee (approval 10-05113) (29). Patient consent was obtained before
the collection of all samples used in this study. Samples were collected within
10 to 20 min of elective termination at San Francisco General Hospital and
placed in fresh, preoxygenated artificial cerebral spinal fluid on ice for
preservation until fixation later that day (<8 h).

Microscopy. Confocal imaging was conducted using Leica SP5 and Leica SP8s
from the microscopy core for the Eli and Edythe Broad Center for Regen-
eration Medicine and Stem Cell Research. Large tile scans were taken either
using similar confocal microscopes or a Keyence BZ-X from the same core
facility.

Data Availability. Code data have been deposited in Github Reposity Human
IPCs (https://github.com/MPPebworth/HumanIPCs) (38). All study data are
included in the article and/or supporting information.
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