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The mature brain contains an incredible number and diversity of cells that are produced and maintained by
heterogeneous pools of neural stem cells (NSCs). Two distinct types of NSCs exist in the developing and adult
mouse brain: Glial Fibrillary Acidic Protein (GFAP)-negative primitive (p)NSCs and downstream GFAP-
positive definitive (d)NSCs. To better understand the embryonic functions of NSCs, we performed clonal
lineage tracing within neurospheres grown from either pNSCs or dNSCs to enrich for their most immediate
downstream neural progenitor cells (NPCs). These clonal progenitor lineage tracing data allowed us to construct
a hierarchy of progenitor subtypes downstream of pNSCs and dNSCs that were then validated using single-cell
transcriptomics. Further, we identify Nexn as required for neuronal specification from neuron/astrocyte pro-
genitor cells downstream of rare pNSCs. Combined, these data provide single-cell resolution of NPC lineages

downstream of rare pNSCs that likely would be missed from population-level analyses in vivo.
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Introduction

SINGLE NSCs CULTURED in vitro are defined by their
abilities to self-renew (produce secondary clonal colo-
nies) and to produce the three differentiated neural cell types:
neurons, astrocytes, and oligodendrocytes [1]. Primitive
neural stem cells (pNSCs) are rare and do not express the
canonical neural stem cell marker, GFAP, and thus are often
missed in postnatal and adult studies that purify based on
marker expression or sample a small number of cells [2,3].
Herein, we refer to GFAP-expressing NSCs as definitive
(d)NSCs [4-6].

The two categories of brain NSCs (pNSCs and dNSCs)
differ with respect to cell surface proteins [7,8], pluripotency
markers [2,8], in vivo quiescence [3], and regenerative re-
sponses [3]. Indeed, post-natal clonal pNSC-derived neuro-
spheres form by proliferation in leukemia inhibitory factor
(LIF) whereas clonal dNSC-derived neurospheres form in
fibroblast and epidermal growth factors with heparin (EFH).

The two NSCs give rise to distinct proportions of oligo-
dendrocytes, astrocytes, and neurons [2,8].

Of particular interest are the progeny of pNSCs, given that
they would be missed by any general or GFAP-dependent
lineage tracing, since pNSCs are rare Oct4-positive and Glial
Fibrillary Acidic Protein (GFAP)-negative cells [9].

Previous studies on the specification of the neural pro-
genitor cells (NPCs) downstream of the stem cells have
concluded that they are generally unipotent (i.e., produce
only neurons or only glial cells), particularly after E14.5—
15.5 [10-12]; however, these studies and others found some
proportions of clones with mixed progeny, suggesting that
multipotent progenitors do exist [13-16].

Conversely, evidence for NPCs that are bipotent in glial
lineages is less well documented: Temple and Raff reported
a mixed astrocyte and oligodendrocyte precursor in the early
postnatal optic nerve [17], and Vaysse and Goldman re-
ported some cells from the newborn rat forebrain that can
produce cells positive for the oligodendrocyte marker O4 as
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well as the astrocyte/NSC marker GFAP [18]. More com-
mon in the literature are reports of NPCs of mixed neuronal
and astrocyte or neuronal and oligodendrocyte lineages
[11,14,19-21].

Here, we show by clonal lineage tracing, proliferation
analyses, and single-cell transcriptomics that pNSCs and
dNSCs give rise to distinct NPCs that have unique devel-
opmental trajectories en route to yielding post-mitotic
forebrain cell types. Further, pNSC-derived NPCs appear
less committed and more flexible in their transcriptional
profiles, which suggest less lineage restriction than previ-
ously thought in these rare precursor cells. Last, using
siRNA knockdown, we show that Nexn is found to be re-
quired for specification, but not maturation, of neuronal
precursors downstream of bipotential neuron/astrocyte
clones derived from pNSCs.

Methods
Mouse strains

All experiments were performed under the approval of the
Animal Care Committee of the University of Toronto. Un-
less otherwise indicated, experiments were performed on
E17.5 CD1 embryos. C57BL/6 and CD1 mice were pur-
chased from Charles River (Wilmington, MA). CD1 mice
were chosen because outbred mice have more genetic di-
versity, are more robust, and produce larger litter sizes than
inbred mice. Tg(GFAP-GFP) mice were purchased from
Jackson (Bar Harbor, ME; #010835). GFAP™® mice were a
kind gift from Dr. M. Sofroniew [22].

Primary dissections and neurosphere cultures

The neurosphere assay was performed as previously de-
scribed [23]. In brief, pregnant animals were anesthetized
with isoflurane, the uterine horns removed and placed into
cold artificial CSF. Embryos were cut out from uterine tissue
and decapitated. After opening the skull and peeling back the
cortex, the walls of the lateral ventricles were cut out from
the forebrain and placed in serum-free media (SFM) for
dissociation into single cells through mechanical dissociation.

Cells were plated in SFM (made in-house from GIBCO
Dulbecco’s modified Eagle’s medium and F12) supple-
mented with either LIF (10ng/mL) (recombinant) for
growing pNSCs, or EGF (20ng/mL; Sigma E4127), basic
FGF (bFGF2, 10ng/mL; Sigma F0291), and heparin
(2 pg/mL; Sigma H3149) for growing dNSCs. Cells were
plated in 24-well culture plates (Nunclon) in SFM with EFH
at a density of 10 cells per microliter, which was previously
shown to be sufficiently low density for growing clonal
neurospheres [24] or up to 40 cells per microliter in LIF
since pNSC-derived neurospheres are much more rare.

The resulting neurospheres were counted after 7-10 days
in vitro using stringent size criteria: primitive neurospheres
were defined as 50 um or larger in diameter and definitive
neurospheres as 100 pm or larger in diameter. All experi-
ments were repeated at least in triplicate.

Neurosphere differentiation & self-renewal assays

After 7 days in culture, neurospheres were individually
picked and plated onto laminin-coated plates (50ng/mL),

and they were differentiated for 7 days in the presence of
1% fetal bovine serum (Life Technologies, Carlsbad, CA).
Cells were fixed in 4% paraformaldehyde (PFA) (Sigma) at
room temperature.

To test for self-renewal, individual neurospheres were
picked, transferred to an Eppendorf tube containing 200 uLL
SFM with growth factors, triturated 30-50 times with a glass
Pasteur pipette tip, and transferred into an additional 300 uL
of media in a 24-well plate. The number of secondary neu-
rospheres per primary neurosphere was counted after 7-10
days in vitro.

Immunocytochemistry

Neurospheres differentiated on laminin-coated plates and
fixed as stated earlier for immunocytochemistry (ICC) were
stored in St-PBS at 4°C. Cell cultures were permeabilized
with 0.3% Triton-X in PBS for 5 min at room temperature to
allow staining of internal proteins. Samples were blocked
with 10% NGS (normal goat serum; Jackson Labs) in St-
PBS for 1h at room temperature. Primary antibodies were
diluted in blocking solution at 4°C overnight for plated cells.
Secondary antibodies were incubated again in blocking so-
Iution for 40min at room temperature for differentiated
spheres. Nuclei were counterstained with Hoechst 33258
(1:1,000; Sigma).

The primary antibodies were mouse anti-GFAP (Sigma;
MAB3402, 1:400), mouse anti-O4 (Millipore, Billerica;
MAB345, 1:200), rabbit anti-BIII tubulin (CST; D71G9, 1:500),
chicken anti-GFP (Aves Lab; 1:1200), rat anti-CD200 (OX90)
PE (eBioscience; 12-5200-82, 1:800), rat anti-CD63 Mono-
clonal Antibody (NVG-2) APC (eBioscience; 17-0631-82,
1:800), mouse anti-BrdU (Dako; Clone Bu20a M0744, 1:200),
and rabbit anti-Ki67 (Abcam; ab15580, 1:500). Secondary an-
tibodies included: 488 goat anti- chicken (Alexa; A11039,
1:400), 488 goat anti- mouse (Alexa; A11029, 1:400), 488 goat
anti-rabbit (Alexa; A11034, 1:400), 568 goat anti- mouse
(Alexa; A11031, 1:400), and 568 goat anti-rabbit (Alexa;
A11036, 1:400). Nuclei were stained with Hoechst (Sigma;
33258, 1:1,000). Staining was visualized on an AxioVision
Zeiss UV microscope and Nikon 200 microscope or Olympus
Fluoview FV1000 confocal laser scanning microscope.

Drop-seq & single-cell analyses

Primary neurospheres grown separately in either LIF or
EFH, as cited earlier, were dissociated to single cells
through trituration with a small bore hole glass pipette, then
carried on ice to the Drop-seq facility at Princess Margaret
Genomics Centre for single cell capture, cDNA amplifica-
tion, and sequencing library preparation [25]. Cells from
pNSC-derived neurospheres were run separately from cells
from dNSC-derived neurospheres so that the NPC lineages
downstream of each NSC type could be investigated.

Libraries were sequenced on an [llumina NextSeq500 to a
depth of 60,000 reads per cell. FASTQ sequencing reads were
processed, aligned to the mouse genome (mm10), and they
were converted to digital gene expression matrices as per the
standard instructions (Drop-seq, McCarroll Lab).

To analyze the Drop-seq data, a modified analysis pipeline
combining low-level data analysis using the computational
work-flow described by Lun et al. [26,27] was used, with
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shared nearest neighbor (SNN)-Clig-inspired clustering and
t-SNE projection using the Seurat R package. Data were
visualized using scClustViz, as described earlier [28,29]. In
brief, cell doublets were first filtered by fitting the library size
of each cell to a negative binomial distribution and removing
large libraries (P<0.001). Next, contaminating cells (e.g.,
red blood cells from primary dissection) were removed by
removing cells that were outliers in a correlation between
library size and gene detection rate.

Third, dead cells were filtered out by mitochondrial gene
content by computationally removing cells that were at least
four median average deviations higher than the median
mitochondrial transcript proportion at each time point using
the scran package. Low-abundance genes were removed by
computationally removing any gene that was found (unique
molecular identifier expression value >0) in less than three
cells.

Data were normalized using the default implementation
of the Lun et al. [26] pool and deconvolute normalization
algorithm in the scran package. This method is robust to the
sparsity of the data and respects the assumption of minimal
differential gene expression common to most normalization
methods. Following low-level data analysis and normaliza-
tion, data were transferred to a Seurat object and highly
variable genes were used to carry out PCA. Using Seurat,
principal components were used for clustering. T-SNE
projections, cell cycle annotations, and differentially ex-
pressed genes were produced in R using the Shiny script.

Trajectory analyses were performed using p-Creode
(https://github.com/KenLauLab/pCreode).

SIRNA assays

The germinal zone of Oct4™ E17 mice was dissected, and
single cells were dissociated and plated in SFM supple-
mented with LIF for the neurosphere assay [23], where
pNSCs and progenitors proliferated for 7 days. Cells were
then differentiated using 1% fetal bovine serum for the next
7 days. The cultures were either left untreated in media only
(control), were treated with non-targeting siRNA (control
for any unwanted siRNA damage), or were treated with
NEXN siRNA (to knock down NEXN gene expression).

These three treatments were added to the culture in pro-
liferation stage only (first 7 days), differentiation stage only
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(last 7 days), or throughout both stages (all 14 days). The
cells were subsequently fixed and ICC was performed with
antibodies against the neuronal BIII and the astrocytic GFAP
cell markers, whereas nuclei were counterstained with
Hoechst, to quantify the amount of neurons and astrocytes
produced from pNSC-derived progenitors.

Neurite length analysis

Neurite length was quantified using the Simple Neurite
Tracer (SNT) plug-in on ImagelJ as in Longair et al. [30].
Primary neurites were traced manually from the soma to the
point of bifurcation or to the end of the outgrowth. Areas
with overlapping neurite processes and neurites extending
out of the image were omitted from SNT analysis.

Secondary neurites were traced manually from the point
of bifurcation of the primary neurite up to the end of the
outgrowth or to where the tertiary neurites bifurcated.

Results

Clonal retroviral lineage tracing of NPCs in vitro
shows distinct specification of NPCs downstream
of pNSCs versus dNSCs

Both primitive and definitive NSCs give rise to all three
major cell types of the neural lineage across multiple ages in
development and adulthood, though the proportions vary by
age and between NSC types [2,8,9,31]. pNSC-derived
neurospheres from the E17 forebrain germinal zone grown
in LIF gave rise to roughly similar proportions of neurons
and astrocytes as did dNSC-derived neurospheres grown in
EFH (although there is a trend toward more neurons and
fewer astrocytes produced by pNSCs) (Fig. 1A).

Significantly fewer O4+ oligodendrocytes are produced by
pNSCs than dNSCs (6.64% +1.07% of Hoechst+ cells vs.
15.70% £ 0.74%, P < 0.01 by t-test; Supplementary Fig. S1A).
Individual pNSC-derived neurospheres could be dissociated
and passaged into LIF or EFH demonstrating self-renewal and
downstream lineage competency, respectively (Fig. 1B),
though note that ANSC-derived neurospheres cannot give rise
to pNSC-derived neurospheres [2].

Lineage specification of precursors at age E17 in mouse
brain development is of particular interest since that is when
forebrain precursors switch from high levels of neurogenesis

>

FIG. 1. Clonal lineage tracing in vitro with RV-GFP reveals different proportion of unipotent and bipotent cells down-

stream of pNSCs and dNSCs. (A) Differentiation profile of pNSC-derived NS grown in LIF and dNSC NS grown in EFH
from the E17.5 brain germinal zone. n >4 NS per marker, P <0.01 (B) Individual pNS-derived NS can be passaged into LIF
or EFH. n>45 NS per condition. (C) Strategy for clonal retroviral lineage tracing of primitive and definitive NS. Average
percent of clones (D) and number of cells per clone (E) with given composition for RV-GFP tranductions on day 2, 4, or 6
are shown. (F) Astrocytes were primarily identified by GFAP immunostaining and secondarily by large star-shaped
morphology as illuminated by GFP expression. Neurons were marked by BIII-tubulin immunostaining and a small round
nucleus, often with two neurites more than double the length of the nucleus. Oligodendrocytes were rarely scored by
morphology, and when they were it was based off presence of radial “‘end feet.”” White asterisks indicate an unstained cell
scored as an oligodendrocyte. Red asterisk denotes a cell that would be classified as an astrocyte by morphology. Yellow
arrowheads clarify examples of GFP'BIII" cells. Blue =Nuclei; Yellow =neurons; Red =astrocytes; Green=Cells infected
by RV-GFP. (G) Breakdown of number of cells per of clones as per (E). For pNSC-derived clones, 1-way ANOVA
F(4,44)=[4.192], P<0.01) for pNS, followed by Tukey’s Multiple-Comparison Test. For dNS clones, F(4,82)=[8.377],
P <0.0001, followed by Tukey’s Multiple-Comparison Test. At least 8 NS and up to 44 were used for each lineage tracing
time point at day 2, 4, or 6. *P <0.05, **P <0.01, ***P <0.001. pNSC, primitive neural stem cell; dNSC, definitive neural
stem cell; GF, growth factor; GFAP, Glial Fibrillary Acidic Protein; RV-GFP, retrovirus encoding GFP; LIF, leukemia
inhibitory factor; EFH, epidermal growth factors with heparin; NS, neurospheres.
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to greater astrogenesis [32-34]. Hence, to further explore
the differences in NPCs most directly downstream of pNSCs
and dNSCs, clonal lineage tracing was performed during
primary neurosphere formation in LIF or EFH, respectively.
The advantage of conducting this experiment in vitro is that
we could exploit the clonal neurosphere assay to query the
most immature NPCs, particularly those directly down-
stream of the rare pNSCs, which make up less than 0.01% of
the germinal zone cells in vivo [2].

A clonal titer of a retrovirus encoding GFP (RV-GFP)
was administered on either day 2, 4, or 6 of the neurosphere
growth, and neurospheres were picked for differentiation on
day 7 (Fig. 1C) by plating them down in 1% serum for an
additional 7 days. The following two criteria define clonal
titers in these experiments, making it statistically unlikely
that more than one cell was ever infected: (1) fewer than
50% of neurospheres assayed should have any GFP" cells,
and (2) the average # of cells infected per well should be
less than two at 36 h after retrovirus infection.

Cell fates were determined by ICC in addition to strict
morphological criteria (Fig. 1D, F). Three clear patterns
emerged comparing clones downstream of pNSCs and
dNSCs: (1) most pNSC-NPC clones contained only neurons,
and less than half were bipotent in nature, compared with
very few neuron-only clones downstream of dNSCs; (2)
approximately equal numbers of dNSC-NPC clones con-
tained only astrocytes or were bipotent (contained both as-
trocytes and neurons); and (3) regardless of date of
infection, clones of mixed fates were statistically larger in
size than unipotential clones (Fig. 1E, G).

To test whether this was due to the difference in growth
factors or an intrinsic difference in the two types of stem cells,
we switched the growth factors (from LIF to EFH, or vice
versa from EFH to LIF) at day 5 of neurosphere growth. This
did not impact fate specification (Supplementary Fig. S1B), as
evidenced by the presence of more neuron-only clones and
fewer astrocyte-only clones from the original pNSCs com-
pared with the original ANSCs (Supplementary Fig. S1C).

Mixed clones containing neurons and astrocytes usually
had one dominant cell type within each clone. This, in ad-
dition to the smaller size of unipotent clones, suggests a
lineage restriction model whereby progenitors commit to a
fate as they divide rather than remain bipotent.

Many clones contained both PBIII-tubulin+ neurons and
GFAP* astrocytes, whereas no clones contained both GFAP*
astrocytes and oligodendrocytes. One clone was found in
pNS-derived colonies that contained BIII+ neurons and
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GFAP /BIII" oligodendrocytes, identified by morphology.
Two clones (containing 51 and 107 cells) from dNSC-
derived neurospheres infected on day 6 of the neurosphere
assay gave rise to all three major cell types.

Given the rarity of this multipotent clone (2/44 or 4.5% of
dNSC-derived clones) and larger size (reflecting more pro-
liferative ability of the initial cell), the initially infected cell
may have been a dNSC rather than a tripotent progenitor.
Perhaps the most surprising result from these analyses is the
predominance of neuron-only clones downstream of pNSCs
and the predominance of astrocyte-only clones downstream
of dNSC-derived neurospheres.

pNSCs can give rise directly to NPCs without
a dNSC-intermediate

Although pNSCs do not express GFAP, they do give rise
to GFAP-expressing cells, including dNSCs [2,8]. There-
fore, we sought to determine the number of GFAP" cells
within pNSC-derived neurospheres by flow cytometry using
Tg(GFAP-GFP) adult mice. In contrast to dNSC-derived
neurospheres that were found to contain 74.1% GFP" cells,
pNSC-derived neurospheres contained 48.8% GFP" cells
based on gates set by a negative control (Fig. 2A).

To investigate whether pNSCs directly give rise to dif-
ferentiated post-mitotic progeny or always divide to produce
a GFAP" dNSC intermediate, mice with the herpes simplex
virus tyrosine kinase under control of the GFAP promoter
(GFAPTK mice) were used, enabling the selective ablation of
proliferating GFAP-expressing cells [2,8,22,35].

On exposure to the drug ganciclovir (GCV), GFAP-
expressing cells that express the viral TK metabolize GCV
to toxic GCV triphosphate, which is both a competitive
inhibitor of dGTP and serves as a poor substrate for chain
elongation. This allows for selective toxicity only in GFAP-
expressing cells that are also synthesizing DNA in prepa-
ration for division.

We used postnatal day (PND)7 GFAP™® mice and their
littermate controls, a time when GFAP is expressed in the
germinal zone, and then pNSC- and dNSC-derived neuro-
spheres were grown clonally either with or without GCV
(Fig. 2B). The number of EFH neurospheres from GFAP™®
mice were greatly reduced in the presence of GCV, as ex-
pected since EFH neurospheres are clonally derived from
GFAP-expressing dNSCs.

The numbers of adult KPNSC-derived pNSC-derived neu-
rospheres from GFAP™® mice were unaffected by GCV

>

FIG. 2. Identification and knockdown of GFAP expression in pNSC and dNSC progeny. Density plots of GFAP-GFP cells

from dissociated pNSC-derived (A) and dNSC-derived NS after 7 days of sphere growth in vitro, with negative gating set by
a CD1 negative control (not shown). (B) Percentage of pNSC- and dNSC-derived NS from GFAP-TK mice grown in LIF or
EFH, respectively, with or without GCV, which kills dividing cells expressing the herpes simplex virus thymidine kinase
from the GFAP promoter. Percentage of spheres normalized to number of NS grown in the absence of GCV from GFAP-TK
mice. n=11 mice across three experiments. Two-way ANOVA shows a significant interaction (F=15.52, P<0.001).
*P<0.05 and ***P<0.001 by Bonferroni post-test. (C) Average percentage of GFAP" and BIII-tubulin® cells in pNSC-
derived NS from GFAP-TK mice grown and differentiated with or without GCV, normalized to the no GCV control. Two-
way ANOVA shows a main effect of GCV (F=6.784, P<0.01). *P<0.05 by Bonferroni post-test. (D) Sample wells of
differentiated pNSC NS from the same GFAP-TK mouse showing the loss of neurons with the addition of GCV.
(E) Average percentage of GFAP' and BIlI-tubulin* cells in dNSC-derived NS from GFAP-TK mice grown and differ-
entiated with or without GCV, normalized to the no GCV control. Two-way ANOVA shows a main effect of GCV
(F=30.01, P<0.0001), **P<0.01, ***P<0.001 by Bonferroni post-test. n=8 NS per genotype and condition. Error bars
reflect standard error of the mean. GCV, ganciclovir.
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exposure [2], whereas the numbers of GFAP™ PND7
pNSC-derived neurospheres were slightly reduced in GCV,
suggesting that a subpopulation of pNSCs may co-express
GFAP in the postnatal period. This finding could reflect a
transition period where pNSCs are transitioning to dNSCs.

Most surprising, primitive neurospheres from GFAP'®
animals grown and differentiated in GCV can still generate
GFAP" astrocytes, but only produce 20% of the control
number of neurons (—GCV condition) (Fig. 2C, D). Con-
versely, dNSC-derived neurospheres grown in the same
GCYV conditions make only small numbers of either neurons
or astrocytes (Fig. 2E). This suggests that pNSCs primarily
give rise to neurons via an intermediate that is both dividing
and expressing GFAP, which could include GFAP" NPCs or
dNSCs.

However, given the observed rarity of dNSCs down-
stream of pNSCs in pNSC-derived neurospheres (based on
passaging data) (Fig. 1B), these neurons are more likely
derived from GFAP" NPCs. Thus, pNSCs that do not ex-
press GFAP themselves must give rise to downstream pro-
liferating GFAP" progenitors on their way to making most
of their postmitotic neuronal progeny.

Hierarchical model of NPC subtypes

Based on the lineage tracing and GFAP'® results, a hier-
archy of NPCs downstream of pNSCs and dNSCs was cre-
ated with the simplest number of progenitors and branches
(Fig. 3). The fate and position of NPCs in this hierarchy are
derived from the RV clonal lineage tracing experiment. For
example, clones that were large and bipotent are represented
by an NPC in the hierarchy toward the top, giving rise to
other NPCs that eventually give rise to two distinct fates.

Notably, since most neuron/astrocyte mixed clones from
primitive neurospheres contained more of one cell type than
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the other, there may be two types of neuron/astrocyte bi-
potent NPCs downstream of pNSCs, indicating specification
biases. As shown in Fig. 3, the following six unique types of
progenitors were observed: (1) Unipotent astrocyte NPC; (2)
Unipotent neuronal NPC; (3) Unipotent Oligodendrocyte
NPC; (4) Bipotent Neuronal/Astrocyte (Neuron-enriched)
NPC; (5) Bipotent Neuronal/Astrocyte (Astrocyte-enriched)
NPC; and (6) Bipotent Neuronal/Oligodendrocyte NPC.

Interestingly, although many NPC types were seen
downstream of both pNSCs and dNSCs, the bipotent neu-
ron/oligodendrocyte NPC and bipotent neuronal/astrocyte
(neuron-enriched) NPC were exclusive to the pNSC lineage.
We observed no bipotent oligodendrocyte/astrocyte NPCs
downstream of either NSC type. We cannot determine
whether the very few tripotent clones observed were a result
of infecting a dANSC or a tripotent NPC.

The lack of unipotent NPCs directly downstream of
pNSCs is consistent with the larger size of bipotent clones.
The finding that significantly fewer neurons were made from
GFAP™ pNSCs grown in the presence of GCV supports the
idea that neurons are generated from pNSCs via a progenitor
that expresses GFAP while it is proliferating. However,
whether this cell is the bipotent neuronal/astrocyte progenitor
or the unipotent neuronal progenitor, cannot be determined.

Single-cell transcriptomics on precursor populations
validates hierarchical model generated
with lineage tracing

To determine whether there are unique molecular markers
for the functionally distinct NPCs downstream of pNSCs,
single-cell RNA Drop-seq was used [25]. Primary cells from
the E17 forebrain germinal zone were grown as clonal
spheres for 7 days in either LIF or EFH, and then dissociated
to single cells for Drop-seq analyses. The relative expression

£\ \
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of several known NSC/NPC markers and established dif-
ferentially expressed genes were visualized on the t-SNE
plot, allowing for a general characterization of five distinct
clusters (Fig. 4A).

We found that 100% of cells in Cluster 5 expressed
Top2a, and 85% expressed Ki67 and Sox2, markers of
proliferation and proliferative neural precursors. We focused
on the proliferating cells in cluster 5 since they comprise the
proliferative precursors that would have been sampled in the
RV-GFP lineage tracing experiment, given that retroviruses
require cell division to be incorporated.

Using candidate markers for NPCs and by performing
subset analyses to identify differentially expressed genes
between subregions of cluster 5, four potential subtypes of
proliferating NPCs were observed (Fig. 4B). These subtypes
correspond to the different NPC types predicted by the
lineage tracing clonal analyses (Fig. 1D). Ki67" cells com-
prising the horizontal arm of cluster 5 expressed common
astrocyte markers such as Fabp7, Mt8, and Aqp4; the di-
agonal component of cluster 5 expressed the neuronal
markers Dcx, Brn2, and DIx2 (Supplementary Fig. S2A).
DIx2 The marker expression in these clusters is consistent
with unipotent astrocyte or neuronal NPCs, respectively.

Conversely, cells at either end of the horizontal branch
expressed a combination of markers for neuronal and as-
trocyte fates, consistent with bipotent NPCs producing dif-
ferent ratios of neurons and glia (since very few bipotent
clones contained equal ratios of neurons to astrocytes). The
convergence point between the two axes may represent the
neuron-enriched bipotent NPCs, whereas the bipotent edge
at the end of the astrocyte arm would be the bipotent
astrocyte-enriched NPC.

Cluster 5 contained Ki67+ precursors, whereas cluster 4
expressed glial markers, including subclusters for astrocytes
and oligodendrocytes (Supplementary Fig. S2B, C). Of note,
clusters 1, 2, and 3 all contained predominantly neuronal
markers (Fig. 4C). Transcripts for DIx2, a marker of pro-
liferating as well as migrating GABAergic interneurons,
were found in clusters 2 and some of cluster 3, suggesting
that those clusters contain the early neuronal progenitors

made from proliferating precursors in cluster 5. Arx
transcript — another marker of cell migration — was present
in far more cells from cluster 3 compared with cluster 1.

Foxpl, a marker for GABAergic medium spiny projection
neurons of the striatum, was differentially expressed in
cluster 1, suggesting an overall counter-clockwise gradient
of maturation in the upper part of the t-SNE plot. These
trends were confirmed by statistical analyses through a se-
ries of pairwise tests (Fig. 4D).

A subset analysis of the largest density in cluster 1 and
the majority of cluster 3 (Fig. 4E) revealed that cluster 3 has
many migratory neuronal precursors, whereas cluster 1 has
more specified precursors for medium spiny and pyramidal
neurons (based on differential expression of Foxpl).

Since cluster 1 was large and seemed to contain cells
mostly specified to be neurons, we performed an additional
subset analysis on the densities of cells visually identified to
determine whether there were more differentially expressed
genes that may be indicators of different neuronal subtype
precursors missed in the larger comparison and not ad-
dressed by the ICC performed after lineage tracing in vitro.

The analyses revealed that the smaller density (denoted
set B in Fig. 4F) contained more genes for axonal growth, as
well as Sstrl (marker of medium spiny neurons of the
striatum [36]) and Thsd7a, which marks motor neurons in
zebrafish [37]. The larger group of cells in cluster 1 (Set
“A””) contained cells that expressed GABAergic and Glu-
tamatergic pathway transcripts, including many cells with
co-expression of both, suggesting that single neural stem
cells may make many types of neurons. Thus, many of the
progenitor cell types discovered in the retroviral lineage
analyses may be consistent with progenitor cell types
emerging from the single-cell transcriptomics.

Primitive neurosphere trajectory analyses show
a distinct pathway for olfactory bulb
interneuron NPCs

We next took advantage of p-Creode, an algorithm for
mapping state transitions and identifying consensus routes

>

FIG. 4. Single-cell RNA-sequencing of pNSC-derived NS using Drop-seq. (A) t-SNE plot to visualize cells from pNSC-
derived NS run through Drop-seq, showing five major clusters. Each individual dot reflects a single cell, and the colours
denote cluster membership. (B) Magnification of proliferative cells within Top2a™/Ki67" cluster 5, with canonical markers
for astrocytes (Aldh111, Aqp4, Mt8, Fabp7) and neurons (Dcx, Brn2, Sp8, DIx2) showing stratification of putative neuronal
versus astrocyte-specified progenitors. Overlap of expression is seen at the corners in boxes, and thus these are proposed to
represent bipotent neuron/astrocyte NPCs. The bipotent NPC’s enrichment for astrocytes versus neurons is hypothesized
based on proximity to glial versus neuronal NPCs and candidate expression. (C) Overlay of candidate markers reveals
general cluster identities. Yellow is low/no expression, and green/blue represents high expression. GFAP represents dNSCs
and/or astrocytes is largely confined to cluster 4; DIx2 marks migrating subpallial progenitors in clusters 2 and 3; Foxpl
marks medium spiny neurons of the cortex and striatum, and is confined to cluster 1; and Ki67 is a proliferation marker
confined to the smallest cluster, number 5 (confirmed by Cyclone analysis of cell cycle phase on the far right). Cyclone
analysis color-codes cells by phase of cell cycle: G1 (yellow), G2M (purple), and S phase (green). The majority of cells are
in G1, with the dramatic exception of cluster 5. (D) Dotplot showing genes positively differentially expressed versus all
other clusters in a series of pairwise tests (Wilcoxon rank-sum tests with a 1% false detection rate threshold). The size of the
dot encodes the detection rate (proportion of cells expressing the gene), and dot color shows the average gene expression
level for cells within the cluster (as per key in lower left). Clusters are marked on the /eft with the number of positively DE
genes listed, and a dendrogram illustrating cluster similarity. The dendrogram along the top of the dot plot reflects gene
expression similarity, with gene names along the botfom of the dotplot. (E) Subset analyses based on Foxpl expression (Set
A) and DIx1" cluster 3 cells (Set B) confirm that cluster 3 cells are migratory neuronal precursors. (F) Subset analyses
between subclusters within cluster 1 suggest putative neuronal subtype differences within subclusters, such as Thsd7a*
neurons. t-SNE, t-distributed stochastic neighbor embedding; DE, differentially expressed.
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from single-cell data [38], for lineage analysis. Figure 5a
shows the lineages of cells downstream of pNSCs identified
by p-Creode. Each circle represents a set of transcriptionally-
related cells, with the size of the circle reflecting the number
of cells in the set and the color reflecting the clusters pre-
viously identified in Fig. 4.

Notably the smaller clusters 4 and 5, glial and prolifera-
tive clusters, respectively, in Fig. 4A and B are interspersed
between the large clusters 1 and 2, as in the p-Creode
mapping of the same data (Fig. 5). Indeed, overlaying
candidate genes used to categorize subtypes of neurons
made by germinal zone precursors identified distinct de-
velopmental trajectories of progenitors that give rise to
striatal medium spiny neurons (marked by Darpp-32, Foxpl,
and Sstr2 expression), GABAergic olfactory bulb interneu-
rons (marked by Sp8, Sall3, and Pvalb expression), and
oligodendrocytes (marked by Mbp and Sox10 expression),
with markers for astrocytes (e.g., Aqp4, Gfap, and Slcla3)
and cortical interneurons (e.g., Npy, Tacl, Ssp) interspersed
among some of these trajectories.

Of interest, a distinct pathway for progenitors that only
express candidate markers of olfactory bulb interneurons
was observed (Fig. 5, to the right of putative point of origin),
but these markers also are expressed in trajectories for other
neuronal subtypes. This may mean that (1) olfactory bulb
interneurons can be made both via common and unique
progenitors, or (2) there is an initially common neuronal
progenitor downstream of pNSCs that has an early fate
branchpoint for olfactory bulb (OB) versus non-OB cell
types, though progenitors destined to make non-OB neuro-

YAMMINE ET AL.

nal cell types continue to express genes for olfactory bulb
interneurons after the branch point and would presumably
shut down expression over time.

NPCs require Nexn for neuronal specification

We examined the mature NPCs in cluster 1 in further
detail to learn how pNSCs may generate neurons. Our
analysis using scClustViz [28] identified Nexilin (Nexn) and
Lphn2 to be potential specific marker genes for neuronally
specified precursors (cluster 1; Fig. 4D). We focused on
Nexn because of its relative specificity for this cluster and
high differential expression.

Nexn is an actin-binding protein that has been shown to
function in cell adhesion during cell migration [39], but it
has not been previously described in the context of NPCs.
To test for its potential functional significance in specifying
the neuronal fate in NPCs, we administered siRNA targeting
Nexn transcripts during the 7 days of pNSC sphere forma-
tion in LIF (Fig. 6A and Supplementary Fig. S3A, 85%
knockdown compared with non-targeting siRNA control by
qPCR), followed by 7 days of differentiation in 1% FBS
without siRNA.

As predicted based on Nexn’s selective expression in the
mature NPC cluster 1 (Fig. 6B), significantly fewer BIII+
neurons formed when Nexn were knocked down during
NPC proliferation and neurosphere formation compared
with control conditions with no siRNA (Fig. 6C), whereas
astrocyte numbers were unchanged across all conditions
(Fig. 6D).

Oligodendrocytes
9

N,T"«s};_
- 0
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FIG. 6. Nexn is required for specification, not maturation, of neuronally specified progenitors downstream of pNSCs.
(A) Protocol for siRNA-mediated knockdown of Nexn during neurosphere formation, but not differentiation, to test the role
of Nexn in neuronal progenitor specification. (B) Overlay of Nexn expression on t-SNE, where blue/green denotes higher
differential expression. Knockdown of Nexn during neurosphere formation leads to fewer neurons (C) but no change in the
proportion of astrocytes (D). n=7 wells per condition for BIII stained wells and n=4-6 wells for GFAP stained wells. For
(0), F(2,18)=[3.227], P<0.01, with * reflecting P <0.05 for None versus Nexn by Dunnett’s Multiple-Comparison Test.
(E) Neurite length for BIII" cells was measured using Single Neurite Tracer. n= 103 neurons for media-only condition, 50
neurons for NT siRNA control condition, and 13 neurons in the Nexn siRNA condition. One-way analysis of variance,
F(2,163)=[12.11], P<0.0001, with *** reflecting P<0.0001 on Tukey’s Multiple-Comparison Test. Errors bars reflect

standard error of the mean. NT, non-targeting.

The finding that Nexn knockdown during the neurosphere
growth phase (and not during the differentiation of post-
mitotic cells) resulted in a loss of neurons suggests that
Nexn is required for neuronal specification before post-
mitotic differentiation. We next asked whether Nexn was
also required for neuronal maturation by performing a
neurite length analysis on the few new neurons that did
persist during Nexn knockdown.

We found that the total neurite length per neuron was on
average longer than in control conditions (Fig. 6E), con-
sistent with the hypothesis that Nexn is not required for
neuronal maturation but rather for specifying the neuronal
fate. There were no significant changes in the average
number or length of secondary neurites, further supporting
this conclusion (Supplementary Fig. S3B, C). The increase
in neurite length after Nexn knockdown might reflect an
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indirect, non-cell autonomous effect of having fewer
neurons competing for growth factors in the knockdown
condition.

Discussion

Although both pNSCs and dNSCs are multipotent for
neural cell types, the similarities between their progeny and
the extent to which they are lineage-restricted has not been
fully understood, though this lineage restriction process is
critical for the formation of the functional units of the brain.
Understanding the lineages downstream of either NSC type
can not only identify novel targets for endogenous regen-
erative strategies, but more broadly help answer the question
of how the diversity of cell types of the mature brain arises.

The lineage of pNSCs is of particular interest given their
very early embryonic development [40,41], rarity in vivo in
the adult [3], and their significant contribution to brain de-
velopment [9]. Further, pNSCs have been shown to con-
tribute to the regenerative capacity of the germinal zone
following ablation of dNSCs in the adult mouse brain [3],
and they show early responsiveness to brain injuries such as
stroke [2]. Indeed, pNSCs can be derived from the embry-
onic and adult spinal cord, where they maintain this ability
to respond to external injury cues and factors [42], making
them viable cellular targets for a variety of endogenous
repair strategies.

Our findings examine the fundamental biology of brain
NSCs and we show that pNSCs from the late prenatal brain
give rise to bipotential neuron/astrocyte NPCs, some bipo-
tential neuron/oligodendrocyte NPCs, and GFAP-expressing
neuronally specified NPCs. We also show that specification,
but not maturation, of the neuronal fate requires Nexn.

Our clonal retroviral lineage tracing suggests that NPCs
specified to only make neurons, and to a lesser extent bi-
potent neuron/astrocyte NPCs, constitute the majority of
continuously proliferating cells downstream of pNSCs in
vitro. For dNSC-derived NPCs, proliferative astrocyte-only
NPCs were found in roughly equal proportions to bipotent
neuron/astrocyte NPCs, with bipotent NPCs from either
NSC statistically being more proliferative than their uni-
potent counterparts.

Although we identified some overlapping and some dis-
tinct NPCs downstream of pNSCs and dNSCs, it is possible
that more rare NPC types were missed, particularly down-
stream of pNSCs where fewer NPCs continue to proliferate
by 7 days of clonal sphere growth. Further, no bipotent
oligodendrocyte/neuronal NPCs were identified by clonal
retroviral lineage tracing downstream of dNSCs, although
these cells were seen downstream of pNSCs. No bipotential
glial clones (astrocyte/oligodendrocyte) clones were seen
downstream of either NSC type, as has been reported sim-
ilarly by others for NPCs [21].

Performing the lineage tracing in vitro presents some
limitations in terms of in vivo relevance; however, it does
permit the study of the progenitors most immediately
downstream of pNSCs, which is less feasible with in vivo
studies given their rarity. The lineage relationships between
pNSCs and dNSCs in vivo also presented a challenge: Al-
though in the adult brain pNSC-derived progeny trans-
planted into the subependyma were shown to be able to
migrate along the rostral migratory stream toward the ol-
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factory bulb [2], it remained unclear whether pNSCs could
directly generate NPCs or whether they must always pass
through a dNSC intermediate.

More recent evidence using pNSC lineage tracing in vivo
has demonstrated that pNSCs labeled in the late embryonic
stages of brain development are able to make adult sub-
ependymal precursors [9] and our work herein shows dif-
ferent fate specification of neuronal progenitors downstream
of pNSCs and dNSC, and thus a ANSC intermediate is not
necessary to give rise to mature neural phenotypes.

Single-cell RNA-seq corroborated the in vitro lineage
tracing findings of neuron/astrocyte bipotential progenitor
cells. Of interest, we observed more cells of neuronal
identity in the pNSC-derived scRNA-seq dataset even
though neurons are not more numerous than astrocytes in
differentiated pNSC-derived pNSC-derived neurospheres
(Fig. 1A).

This may be due to a selective survival effect during the
Drop-seq protocol; however, neuronally specified clones
also were more frequent in the proliferation-dependent RV
lineage tracing than astrocyte-specified clones. This is
consistent with the idea that during neurosphere formation
there are far more neuronally specified cells that do not later
survive during differentiation, or that neuronal NPCs remain
proliferating for longer than glial NPCs.

Our finding of a rare bipotential neuron/oligodendrocyte
progenitor downstream of pNSCs in lineage tracing is sup-
ported by single-cell RNA-sequencing. Dix! and DIx2 have
been reported to control neuronal versus oligodendrocyte
fate in a common progenitor [43], and indeed we saw ex-
pression of both of these genes in cells that contain oligo-
dendrocyte candidate marker myelin basic protein as well as
cells in the neuronal clusters, providing further transcrip-
tional evidence of a bipotent neuronal/oligodendrocyte
progenitor cell.

We have previously reported that oligodendrocyte pro-
duction by pNSCs peaks in the early postnatal period [8], so
whether this bipotential progenitor exists in preparation for
this period or persists into the adult brain remains to be
explored.

Cluster 5 in the single-cell RNA sequencing data, the
proliferative cells, showed an overlap in neuronal/astrocyte
cell fate markers, suggesting that it may contain the bipo-
tential neuron/astrocyte clones observed with clonal lineage
tracing. In addition to corroborating each of the unipotent
and bipotent NPC types, the single-cell transcriptomics data
also suggested that there is significant lineage priming in
NPCs derived from pNSCs, with substantial overlap of
markers for unique mature neuronal cell types.

Indeed, it was a surprise to see mature markers such as
MBP, Npy, Pvalb, and Aqp4 already expressed in undif-
ferentiated precursors, and whether this reflects priming
only at the transcriptional level has yet to be investigated.
Similarly, neurotransmitter pathway markers for glutamate
versus GABA neurons were found in the same single pre-
cursor cells, suggesting that pNSCs may retain some ability
to make both cortical and subcortical neurons.

Trajectory analysis using p-Creode suggested the exis-
tence of an additional route for pNSCS to make olfactory
bulb neurons, whereas other subtypes of neurons such as
striatal and cortical interneurons had shared developmental
pathways. This could be indicative of a bias to OB
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interneuron production at E17. The trajectory analyses also
revealed a central branching area that appeared to be the
origin of most progenitor cell types. This region may be the
origin of all pNSC lineages, and presumably would be
where the rare pNSCs would potentially be found (Fig. 5,
arrow)

The wide array of neuronal subtypes seen in cells from
pNSC-derived neurospheres in the scRNA-seq analysis may
indicate that pNSCs, as more rare and upstream NSCs, have
more flexibility in terms of the neuronal subtypes they can
make than dNSCs. Indeed, pNSCs appear to retain the po-
tential to make neuronal subtypes beyond a very early de-
velopmental window. For example, many interneurons of
the cortex already would have left the ventral germinal zone
by E17.5 [44].

dNSCs, which are responsible for the majority of GA-
BAergic neuron production during development and ho-
meostasis in adulthood, may need to produce more striatal
GABA neurons destined to form specific regional neuronal
subtypes. Regionalization of neuronal-subtype specification
has been reported for GFAP-expressing dNSCs [45—47].

Alternatively, since pNSCs are mostly quiescent in the
adult brain and always rare in frequency [2,3], it is possible
that pNSCs produce neuronal progenitors that are uncom-
mitted to a specific subtype of neuron because they have not
had selective phylogenetic pressure for more specific neu-
ronal fate commitment. Indeed, given their ability to re-
spond quickly to injury [2] and repopulate the ablated ANSC
neural lineage [3], it is possible that pNSCs remain primed
for multiple lineages, enabling more flexibility in regener-
ative potential.

Perhaps this overlap of expression of regional neuronal
transcripts in pNSC-derived NPCs may reflect pNSCs being
the earliest NSC during development (as they arise just after
gastrulation [40,31,41,48]), and therefore they retain the
ability to make multiple neuronal cell types. This expanded
neuronal potential may have evaded selective ontogenetic
pressures for lineage restriction due to their rarity and qui-
escence in the adult, or perhaps because there is a lack of
selective pressure for brain patterning in the earliest embryo
when pNSCs arise [49].

This inherent flexibility of pNSC-derived precursors may
be advantageous for faster regeneration after injury or
quickly responding to homeostatic imbalances during de-
velopment. Notably, this flexibility may not be specific to
pNSC-NPCs, as limited specification of neural progenitors at
the mRNA level has been reported in striatal precursors [50].

Last, we characterized Nexn as a functional marker for
specification of neuronal progenitors downstream of pNSCs.
Indeed, we demonstrate that Nexn is required for neuronal
specification, but not maturation since neurites could still
form in the few neurons that were generated after Nexn
knockdown. The finding that this specification happens
while cells are still proliferating supports a priming model of
lineage commitment in neuronal precursors derived from
pNSCs.

We suggest that Nexn is necessary for the specification
rather than the survival and maturation of neuronal precur-
sors, since we did not observe a change in the number of
cells in differentiated neurospheres after Nexn knockdown
and the few neurons that were produced still could grow
long neurite processes.

Herein, we find several lines of evidence that pNSC-
derived precursors retain some flexibility in their lineage:
(1) there are bipotential NPCs in the in vitro lineage tracing;
(2) NPCs co-express neuronal and astrocyte markers ac-
cording to scRNA-seq; and (3) specification of neuronal
progenitors occurs before neuronal maturation. These data
suggest that in the brain, the most upstream NSC, the pNSC,
produces progeny with a less traditional lineage hierarchy,
perhaps similar to models for hematopoietic stem cell lin-
eages [51-54].

Instead of a stepwise progressive commitment of pro-
genitors, the progenitors downstream of pNSCs retain the
capacity to make multiple cell types, both between neural
lineages and within the neuronal lineage. The expanded
potential of pNSCs and their NPCs to be specified (including
at the transcriptional level) to make multiple neuronal cell
types is consistent with their eventual role in the adult brain
as a reserve pool of normally quiescent brain stem cells.
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