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Abstract

Hippocampal adult neural stem cells emerge from progeny of the neuroepithelial line-

age during murine brain development. Hippocampus development is increasingly well

understood. However, the clonal relationships between early neuroepithelial stem

cells and postnatal neurogenic cells remain unclear, especially at the single-cell level.

Here we report fate bias and gene expression programs in thousands of clonally

related cells in the juvenile hippocampus based on single-cell RNA-seq of barcoded

clones. We find evidence for early fate restriction of neuroepithelial stem cells to

either neurogenic progenitor cells of the dentate gyrus region or oligodendrogenic,

non-neurogenic fate supplying cells for other hippocampal regions including gray

matter areas and the Cornu ammonis region 1/3. Our study provides new insights

into the phenomenon of early fate restriction guiding the development of postnatal

hippocampal neurogenesis.
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1 | INTRODUCTION

The dentate gyrus (DG) of the murine hippocampus (HC) is one of two

canonical areas maintaining neurogenesis during adulthood in the

mouse (Denoth-Lippuner & Jessberger, 2021). The structure arises from

progenitors in the dentate neuroepithelium, a small area in the ventricu-

lar zone of the medial pallidum, around embryonic day 10.5 (E10.5).

These neuroepithelial progenitor cells proliferate and, at around E15.5,

begin migrating medially to form the dentate migratory stream and

eventually the primitive DG (Berg et al., 2019). Perinatally the progeni-

tor cell clones populate the DG with granule neurons and give rise to

the first radial glia-like adult neural stem cells (RGDG) (Bayer &

Altman, 1974; Berg et al., 2019; Namba et al., 2005). Their cytogenic

activity declines quickly with the entrance into a long-term quiescence

state mostly around postnatal (P) day three. However, DG development

including the formation of the subgranular zone is only concludedMichael Ratz and Jonas Frisén are equal last authors.
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around 2 weeks after birth. How progenitor cell populations contribute

to the different hippocampal areas remains to be determined. However,

it has recently been shown that Hopx+ embryonic progenitors of the

dentate neuroepithelium produce cells for no other region than the

dentate gyrus, while the adjacent ammonic neuroepithelium was found

to contribute mainly to Cornu ammonis (CA) neurons (Berg et al., 2019).

Neuroepithelial stem cells and their progeny theoretically have

the potential to commit to several fates within the neural lineage.

However, it is widely acknowledged that RGDGs in the HC do not

produce oligodendrocyte lineage cells as has been shown by several

fate mapping studies (Ahn & Joyner, 2005; Bonaguidi et al., 2011; Pilz

et al., 2018; Suh et al., 2007). Jessberger et al. could show that over-

expression of the transcription factor Ascl1 served as a switch from

neuronal fate to the exclusive production of oligodendrocytes

(Jessberger et al., 2008). However, how early in development this fate

restriction is established remains unclear.

Astrocytes are thought to be produced by adult neurogenic stem

cells (Bonaguidi et al., 2011) even though in much lower numbers than

neurons. On the other hand, in Hopx+ progenitor cell clones no

astrocytes have been found during embryonic development and only

sparsely at postnatal days (Berg et al., 2019).

A new model of continuous lineage specification and granule neu-

ron production for embryonic Hopx+ progenitors has been proposed

(Berg et al., 2019). This is opposed to the previously suggested “sequen-
tial” model where unknown progenitor cells produce cell types of differ-

ent lineages in a stepwise manner (Kriegstein & Alvarez-Buylla, 2009)

and to the “set aside” model where a part of the embryonic progenitor

cells is set aside for later adult neurogenesis (Fuentealba et al., 2015;

Furutachi et al., 2015). Whether the continuous model is a valid model

for the RGDGs and whether different models are true for different pro-

genitor populations has not been validated further yet.

In this study, we take advantage of our previously published single-

cell RNA-sequencing (scRNAseq) dataset containing clonal information

to understand early fate restriction of DG neurogenesis progenitors

(Ratz et al., 2022). We provide statistical evidence, unbiased and in hun-

dreds of clones, that progenitors of postnatal neurogenesis in the hippo-

campus are strongly biased toward production of neurons for the DG

and gray matter astrocytes but not to CA1/3 neurons. The oligodendro-

cyte lineage in the HC, on the other hand, was found to descend from a

different progenitor population as early as E9.5 and did not show restric-

tion to the hippocampal region. White matter astrocytes were more reg-

ularly found in these clones, giving the notion of a cell production for

white matter areas. In summary, our results point to clearly separated

regional and fate specifications of postnatal DG neurogenesis and oligo-

dendrocyte progenitors in early embryonic development.

2 | MATERIAL AND METHODS

2.1 | Mice

Two female and three male CD-1 mice from Charles River Germany

between P11-14 (1� P11 female; 1� P11 male; 1� P12 male control

without injection; 1� P12 female; 1� P14 male) have been used for the

study. Animals were kept in standard housing conditions (ambient tem-

perature of 20�C–22�C and humidity of 40%–60%) with a 12/12 h

light/dark cycle and with food and water ad libitum. All experimental

procedures on animals were permitted by Norra Djurförsöksetiska

Nämnd.

2.2 | Production of lentiviral library

The plasmid and lentiviral libraries have been prepared as described

previously (Ratz et al., 2022). In short, lentiviral plasmids containing

nuclei-located reporter transgene H2B-EGFP, 30 nucleotide long, ran-

dom barcode called “cloneID” downstream of human EF1a promoter

(LV-EF1a-H2B-EGFP-30N) have been assembled by replacement of

PGK1 promoter from LV-GFP50 plasmid and with Gibson assembly

method. The plasmids were used to generate lentivirus particles with

a titer of >109 transducing units/ml by either the VirusTech core facil-

ity at Karolinska Institute or by GEG-Tech (Paris, France). The result-

ing lentiviral library contained around >106 uniformly represented and

diverse cloneIDs per microliter.

2.3 | Ultrasound-guided in utero microinjection

We aimed to trace progeny of ventricular zone stem cells of the early

developing nervous system with a modified version of a previously

published procedure (Beronja et al., 2010). To do so, timed pregnan-

cies were set up overnight and plug-positive females identified the

next morning considered as embryonic (E) day 0.5. Pregnancy was

confirmed with ultrasound at E8.5 of gestation. One day later, preg-

nant females were anesthetized with isoflurane, uterine horns were

exposed and about 4–8 embryos per female injected with 0.6 μl lenti-

virus (≈0.95 � 106 unique cloneIDs) into the forebrain ventricles. To

increase survival ratios, each surgery was limited to 30 min.

2.4 | Tissue collection and cell isolation

Mice were terminated with an isoflurane overdose and perfused trans-

cardially with ice-cold artificial cerebrospinal fluid (aCSF: 87 mM NaCl,

2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 75 mM sucrose,

20 mM glucose, 2 mM CaCl2, 2 mM MgSO4. Equilibrated in 95%

O2/5% CO2). Brains were collected in ice-cold aCSF and 1 mm coronal

sections prepared by inserting the brain in an acrylic brain matrix for

mouse (World Precision Instruments). Hippocampus, cortex, and stria-

tum were isolated from each section under a stereomicroscope at con-

stantly cool temperatures. Tissue was cut in pieces and further

dissociated by 20–30 min enzymatic digestion with Papain

(Worthington Biochemical) at 37�C and subsequent trituration with

fire-polished Pasteur pipettes. Filtering of dissociated tissue through

sterile 30-μm aCSF-equilibrated Filcon strainer (BD Biosciences) into

15-ml centrifuge tube containing 9 ml of aCSF and 0.5% BSA yielded a
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cellular suspension. After mixing, cells were pelleted in a centrifuge at

300g and 4�C for 5 min and the supernatant discarded. Next, cells were

resuspended in 1 ml of aCSF containing reconstituted ovomucoid pro-

tease inhibitor with BSA. To create a discontinuous density gradient,

2 ml of undiluted albumin inhibitor solution were carefully overlaid with

1 ml of cell suspension, and subsequent centrifugation at 100g and 4�C

for 6 min. The supernatant was carefully discarded, the pellet resus-

pended in 1 ml of aCSF containing 0.5% BSA and transferred to a

round-bottom tube (BD Biosciences) for flow cytometry.

Single EGFP+ cells were collected into one DNA LoBind tubes

(Eppendorf) per sample containing aCSF with 0.5% BSA, separated

from EGFP- cells by a BD Influx equipped with a 140-μm nozzle and a

cooling unit with a sample temperature of 4�C. All samples were pel-

leted in a centrifuge at 300g for 5 min at 4�C and the supernatants

were carefully removed. Finally, the cells were resuspended in a mini-

mal volume of aCSF and their concentrations were determined using

a Bürker chamber. All steps except for enzymatic digestion were per-

formed on ice or 4�C.

Except for the FACS step, uninjected control brains underwent

the same procedure.

2.5 | Single-cell RNA-sequencing

Two versions of 10� Genomics Chromium Single Cell Kit were used:

Brain 1–2 were processed with version 2 and brain 3–5 with version

3. EGFP+ cell suspensions were prepared as described above,

counted, and resuspended in aCSF before being added to 10� Chro-

mium RT mix. Suspensions from control brains were prepared as

described above, diluted in aCSF to concentrations between 800 and

1000 cells/μl and added to 10� Chromium RT mix. Following steps

including cDNA synthesis with 12 polymerase chain reaction (PCR)

cycles, library preparation, and sequencing were performed according

to the manufacturer's instructions.

2.6 | CloneID enrichment from cDNA

As described in Ratz et al., a nested PCR strategy was applied to

enrich cloneIDs from full-length cDNA. Each amplicon library was

sequenced on a MiSeq or NovaSeq 6000. Cell Ranger version 3.0.1

count was employed for data processing of amplicon libraries and the

TREX pipeline to extract cloneIDs (see below).

2.7 | Single-cell RNA-sequencing data processing

The sequencing data from three regions (hc, cx, str) of four barcoded

and one control brain were analyzed with Cell Ranger and with the R-

package Seurat version 3 (Stuart et al., 2019).

First, we downsampled the number of cells of the control brain to

9000 (cx), 8000 (hc), and 7000 cells (str) to adjust for the lower num-

ber of cells in each barcoded brain and region. Running Cell Ranger

count yielded gene expression matrices for each region which were

merged using merge() in Seurat version 3 (Stuart et al., 2019). Genes

that were expressed in less than ≈0.1% of all cells and cells expressing

less or more than 500–10,000 genes were removed. The data were

log-normalized with a scale factor of 10,000 using the NormalizeData

()function, followed by linear transformation/scaling. Doublets were

removed based on expression of mutually exclusive markers for vari-

ous cell types (Igf2, Pf4, Hexb, Rsph1, Pdgfra, Bmp4, Mog, Clic6, Rgs5,

Cldn5, Reln, Igfbpl1, Slc32a1, Slc17a7, and Aldoc). To adjust for cell

cycle states, a cell cycle score was calculated for each cell and differ-

ences between G2M and S phase scores were regressed out. Highly

variable features were selected using FindVariableFeatures(), followed

by principal component analysis and the selection of the first 10–30

significant principal components for graph-based clustering (shared

nearest neighbor graph calculation and clustering using Louvain).

Major cell classes were assigned to each cluster (astroependymal,

immune, neurons, oligodendrocytes, and vascular) based on differen-

tially expressed genes and canonical markers. Then each cell class was

further subclustered and each cluster extensively annotated based on

canonical marker genes from published data and from www.

mousebrain.org (Zeisel et al., 2015). Cell type nomenclature was also

adopted from (Zeisel et al., 2015). At each step, we removed (1) clus-

ters classified with ambiguous labels and (2) outlier cells on the edges

of clusters in uniform manifold approximation and projection (UMAP)

space to further eliminate doublets. All cells were merged into a single

file together with metadata and annotations.

For most parts of this study, we worked with a reduced dataset

based on the merged, final dataset described above. For that, cells

found in the hippocampus and hippocampal clones were extracted

and cell types not descending from the neural lineage (microglia, peri-

vascular macrophages, vascular leptomeningeal cells, vascular endo-

thelial cells, and vascular smooth muscle cells) were removed. The

neuronal cell class was split into two classes: neurons and neuronal

progenitors. UMAP representations were re-calculated to include only

the extracted cells.

The filtered cellIDs were exported and used as input for cloneID

extraction and clone calling.

2.8 | CloneID extraction and clone calling

Raw 10� Genomics Chromium v2 or v3 sequencing data were pre-

processed with Cell Ranger version 3.0.1. For read mapping a custom

reference was created consisting of the GRCm38 (mm10) genome

and an additional sequence representing the H2B-EGFP-N transgene,

in which the cloneID region was marked with 30 “N” wildcard charac-

ters. The resulting BAM file of aligned sequencing reads was then pro-

cessed with TREX, our custom Python tool for cloneID extraction and

clone calling. TREX was set to only use reads from previously filtered

cells (see above) that align to the H2B-EGFP-N transgene. CloneIDs

are recovered from those alignments that cover or sufficiently stretch

into the masked cloneID region. If soft clipping is encountered at one

of the bases adjacent to the region, the alignment is assumed to

von BERLIN ET AL. 393

 10981063, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hipo.23482, W

iley O
nline L

ibrary on [03/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.mousebrain.org
http://www.mousebrain.org


continue ungapped into the region. All cloneIDs with identical unique

molecular identifiers (UMIs) that come from the same cell (have the

same cellID) are collapsed to a consensus sequence. They are

assumed to originate from the same mRNA molecule. To error-correct

cloneIDs, they were single-linkage clustered using a Hamming dis-

tance of at most five as linking criterion. In each cluster, all cloneIDs

are replaced with the cloneID occurring most frequently in that clus-

ter. From the resulting final cellID–cloneID combinations, those that

are supported by only one UMI and one read are discarded. Also

removed are cloneIDs that are supported by only one UMI and have a

high frequency in another cell. We assume that those cloneIDs are

contaminations. The cleaned data are transformed into a count matrix

showing UMI counts for each cloneID in each cell. This matrix was

used to sort cells into clones of cells with similar cloneID combina-

tions. To prevent erroneous cloneIDs to contribute to formation of

clones, clone calling was done by determining the Jaccard similarity

between each pair of cloneID-expressing cells using the R package

proxy (Meyer, 2019). The Jaccard score is the number of overlapping

barcodes divided by the total number of unique barcodes in a pair of

cells. A Jaccard score of 0.7 was determined as a cutoff for related

cells (Biddy et al., 2018). A lower score resulted in incorrect assign-

ment of unrelated cells into clones and a higher score did not lead to

further splits. Clones were defined as groups of two or more related

cells.

2.9 | Statistical analysis

Average clone sizes and cell counts in clones were compared using

two-sided Mann–Whitney U/Wilcoxon rank sum test for two non-

normally distributed, independent groups. Statistical tests were per-

formed using R. Results of statistical tests are always denoted as

mean ± SD if not specified otherwise. Combined violine and boxplots

were created with vioplot R package (Adler & Kelly, 2020).

2.10 | Calculation of clonal coupling score

Clonal coupling scores (Wagner et al., 2018) were calculated consider-

ing all clones from all four barcoded brains containing at least three

cells per clone. Using the BiRewire R package (Iorio et al., 2016) the

clone–cell type associations were shuffled randomly, while preserving

the number of cell types related to each clone and the number of

clones related to each cell type, to create 1000 randomized datasets.

We compared the observed co-appearances of cell types to the ran-

domized datasets to obtain empirical p-values and z-scores for each

pair of cell types indicating how often we expect to see the observed

clonal association. The Pearson correlations of z-scores between each

pair of cell types were calculated and the correlation coefficients were

transformed using Fisher z-transformation.

The resulting scores were hierarchically clustered based on

Euclidian distance with the “complete” clustering method and plotted

as heat map using the R package pheatmap.

2.11 | Immunostaining and counting of
EGFP+ cells

P11–P14 mice were terminated with an isoflurane overdose and

transcardially perfused with cold PBS and fresh 4% formaldehyde

(FA). Isolated brains were fixed in 4% FA overnight at 4�C and then

moved to 30% sucrose overnight at 4�C. For sectioning, they were

embedded in O.C.T. (Sakura) and cut into 50-μm thick sections with

VT1000S vibratome (Leica). Sections were incubated with blocking/

permeabilization buffer (5% donkey serum and 0.3% Triton X-100 in

DPBS) and stained with antibodies against EGFP (chicken, 1:2000,

Aves Labs, AB_2307313) and NeuN (rabbit, 1:500, Atlas Antibodies,

AB_10602305) at 4�C overnight. Subsequently, DPBS was used to

wash the sections which were then incubated with fluorophore-

conjugated donkey secondary antibodies (all 1:500, Jackson Immu-

noResearch) against the respective species (anti-chicken Alexa Fluor

488, 703-545-155, AB_2340375; anti-rabbit Alexa Fluor

647, 711-605-152, AB_2492288) in blocking buffer at room tempera-

ture for 1 h, followed by washing and mounting with ProLong Dia-

mond Antifade Mountant (ThermoFisher, P36961). Confocal images

were captured with a laser scanning confocal microscope (LSM700,

Carl Zeiss) using a Plan-Apochromat �10/0.45 or �20/0.8 objective.

Image processing and analysis was performed using Fiji software and

Omero.

For EGFP+ counting in the hippocampus, three 50-μm thick sec-

tions were analyzed for each of three brains. The area of the hippo-

campus was determined with Fiji software and the EGFP+ cell count

for each hippocampal volume (50 * hippocampal area) determined.

The total volume of each hippocampus was determined using consec-

utive sections and the total EGFP+ cell count for one hippocampus

extrapolated from the count of each section. An average number was

calculated from the extrapolations of all three sections for each

hippocampus.

3 | RESULTS

3.1 | A single-cell and clonal dataset to explore the
development of hippocampal postnatal neurogenesis

To study the clonal relationships between neural stem cells of the

ventricular zone and the origin of postnatal neurogenesis in the hippo-

campus during mouse development, we took advantage of a recently

published dataset (Ratz et al., 2022). Previously, we developed a

method for clonal TRacing and EXpression profiling in the mouse brain

using scRNAseq (short: TREX) (Figure 1a). We cloned a library of ran-

dom, 30 nucleotide-long barcodes (which we refer to as “cloneIDs”
from here on) downstream of a reporter gene encoding nuclear local-

ized enhanced green fluorescent protein (EGFP) and the human trans-

lation elongation factor 1-alpha (Ef1a) promoter, which is strongly and

ubiquitously expressed in the central nervous system. We then pack-

aged this barcode library into a lentiviral vector and performed

ultrasound-guided microinjection into the forebrain ventricles of E9.5
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mouse embryos. Since the lentiviral vector integrates the cloneID-

sequence into the genome, we achieved stable clonal labeling of neu-

roepithelial stem cells of the ventricular wall and their progeny. We

could confirm the integration of the vector by immunostaining hippo-

campi of P11 mice for EGFP (Figure S1). By counting EGFP+ cells in

several sections, we extrapolated an average total number of 95,451

EGFP+ cells per hippocampal volume (Table S1). Next, from P11-14

mice we isolated EGFP+ cells from HC, cortex (CX), and striatum (STR,

including the subventricular zone) as well as EGFP� cells from non-

injected brains by fluorescent activated cell sorting. We performed

scRNAseq for cellular profiling and reconstruction of clones based on

cloneID-mRNA sequence (Figure 1a). The obtained dataset contains

62,388 cells from three regions and of 40 cell types.

In this study, we focused on cells isolated from the HC. Since we

aimed to decipher the origins of progeny of neural stem cells, we

removed all cell types not descending from the neural lineage such as

microglia and vascular cells. Our final dataset comprises 17,356 hippo-

campal cells from five brains (three male, two female) grouped into

16 relevant cell types of four classes (Figure 1b). We annotated the

cell types using the nomenclature and marker profiles from a

published cell atlas of the mouse brain (Zeisel et al., 2018). In class

one we grouped all astroependymal cells, such as ependymal cells

(EPEN), white matter astrocytes (ACTE1), gray matter astrocytes

(ACTE2), and dentate gyrus radial glia-like cells (RGDG). Immature and

mature granule neurons (DGGRC1 and DGGRC2, respectively) as well

as excitatory neurons of the hippocampal CA1/3 regions (TEGLU24

and TEGLU23, respectively) and Cajal–Retzius cells (CR) were classi-

fied as neurons. In contrast, we considered neuronal intermediate pro-

genitor cells (SZNBL) of the DG and dentate gyrus neuroblasts

(DGNBL1) as neural progenitors. Finally, we joined all stages of the

oligodendrocyte lineage to the class “oligodendrocytes” (including

OPC, COP1, NFOL1, MFOL2, and MOL1). Therefore, our dataset con-

tains all main neural cell types of the HC.

We defined a clone as a group of at least two cells that share the

same cloneID. Guided by this definition we used a customized algo-

rithm to extract cloneIDs and to group hippocampal cloneID+ cells

(3602 or 21%) into 742 distinct clones (Figure 1c). Cells of such clones

were usually found in the HC only (559 or 75% of clones) but one

quarter spread across more than this region. We have not included

these 367 cells from STR or CX in the UMAP in Figure 1b.

F IGURE 1 A single cell and clonal dataset to explore the development of hippocampal postnatal neurogenesis. (a) Experimental approach for
clonal labeling of brain progenitor cells adapted from Ratz et al. (2022). A lentiviral library consisting of an enhanced green fluorescent protein
(EGFP) reporter and a diverse barcode (cloneID) library were injected into the forebrain ventricles of mouse embryos at embryonic day 9.5 where
they integrated into the genome of the lining progenitor cells. EGFP+ progeny cells isolated at postnatal day 11–14 from hippocampus (as well as
striatum and cortex) were analyzed with scRNAseq to reveal both clonal and transcriptional identity. Analysis was focused on hippocampus-
derived cells and clones containing at least 10% hippocampal cells. (b) Visualization of hippocampal cells of neural lineage in UMAP space. After
removal of non-neural and non-hippocampal cells, 17,356 cells from five brains remained which we grouped into 16 cell types of four classes:
Astroependymal (orange), neurons (red), neuronal progenitors (blue) and oligodendrocyte lineage cells (yellow). Cell type nomenclature was taken

from www.mousebrain.org (Zeisel et al., 2018). (c) The same UMAP as in (b) highlighting all cloneID+ cells (3602 or 21%) in blue. (d) Stacked bar
plot displaying fractions of cells belonging to each cell type among all cells of the dataset (left) and among cloneID+ cells (right). (e,f) Combined
violine and box plots showing the distributions of clone sizes of all clones (e) and neurogenic clones (f) in cortex (cx), hippocampus (hc), and
striatum (str). Neurogenic clones are defined as clones with at least two cells with neurogenic potential. (e) hc versus cx: p < 2.2e�16, Wilcoxon
rank sum test (WRST), 5.37 ± 3 versus 2.99 ± 1.83, mean ± SD, n = 559 and n = 627, respectively. hc versus str: p = 4.28e�15, WRST, 5.37 ± 3
versus 3.3 ± 2.67, mean ± SD, n = 559 and n = 640, respectively. cx versus str: p = .09, WRST, 2.99 ± 1.83 versus 3.3 ± 2.67, mean ± SD,
n = 627 and n = 640, respectively. (f) hc versus cx: p = 7.36e�4, WRST, 7.71 ± 10.3 versus 3.96 ± 3.77, mean ± SD, n = 208 and n = 23,
respectively. hc versus str: p = 6.59e�15, WRST, 7.71 ± 10.3 versus 3.46 ± 1.97, mean ± SD, n = 208 and n = 228, respectively. cx versus str:
p = .54, WRST, 3.46 ± 1.97 versus 3.96 ± 3.77, mean ± SD, n = 208 and n = 23, respectively. ns, not significant. ***p < .001.
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We asked whether all main neural cell types of the HC are suffi-

ciently represented among the cloneID+ cells. We found that the distri-

bution of cell types among cloneID+ cells differs from the overall cell

type distribution (Figure 1d). The ratio of astroependymal cells shrinks

from 41% to 24% mostly due to reduction of white matter astrocyte

counts among cloneID+ cells. Similarly, neurons are underrepresented

and their proportion is reduced from 14% to 6%, which is mainly caused

by a loss of CR cells. On the other hand, ratios of neuronal progenitors

increase due to a high number of cloneID+ cells among DG neuroblasts

(from 19% to 33%). Oligodendrocyte ratios increase in all five cell differ-

entiation stages (from 19% to 30% in total). However, all cell types are

represented among cloneID+ cells (Figure 1d). The dataset is therefore

suitable for analysis of clones in the HC.

To determine whether we captured postnatal neurogenesis suffi-

ciently to draw meaningful conclusions from clonal compositions, we

compared clone sizes and counts across regions. We focused on clones

consisting of cells from HC only, CX only or STR only, respectively

(Figure 1e), excluding clones that are covering two or more brain regions.

We found that the average size of hippocampal clones (n = 559) was sig-

nificantly larger than the average size of cortical clones (n = 627;

p < 2.2e�16, Wilcoxon rank sum test [WRST], 5.37 ± 3 vs. 2.99 ± 1.83,

henceforth mean ± SD if not denoted otherwise) and the average size of

striatal clones (n = 640; p = 4.28e�15, WRST, 5.37 ± 3 vs. 3.3 ± 2.67).

This difference is mostly due to the size of neurogenic clones (Figure 1f).

We defined neurogenic clones as those clones with at least two cells with

neurogenic potential, that is, RGDGs, neuronal intermediate progenitors,

and DG neuroblasts. We defined this threshold to reduce the likelihood

of extracting neurogenic clones based on wrongly assigned cells (0.2%

false-discovery rate; Ratz et al., 2022). Neurogenic clones in the HC

(n = 208) are on average significantly larger than neurogenic clones in

STR (n = 228; p = 6.59e�15, WRST, 7.71 ± 10.3 vs. 3.46 ± 1.97) and

neurogenic clones in CX (n = 23; p = 7.36e�4, WRST, 7.71 ± 10.3

vs. 3.96 ± 3.77). Hippocampal neurogenic clones can become as big as

118 cells while striatal or cortical clones reach a maximum of 12 or

17 cells, respectively. At the same time, the total number of neurogenic

clones is lower in HC than in STR (208 vs. 228). When plotting the aver-

age clone composition across different clone sizes it became apparent

that large clones (21 cells and more) are dominated by neurogenic cells

and some astrocytes while clones under 20 cells show a more even distri-

bution including more oligodendrocytes (Figure S2a). We also compared

clone sizes between replicates to ensure the dominance of neurogenic

cells in large clones is not a singular occurrence. We found similar rela-

tionships between the size of neurogenic clones and other types of clones

in all four replicates (Figure S2b–f and Table S2).

In conclusion, our dataset captures the neurogenic potential of

the hippocampus and allows to trace back this potential to neuroe-

pithelial stem cells of early embryonic development.

3.2 | Early fate bias of postnatal neurogenesis
progenitors

Our two time points of choice, early embryonic development for

injection and 2 weeks after birth (P11–P14) for collection of

cloneIDs, enabled us to connect neurogenic cells with their neuroe-

pithelial progenitors. We sought to understand the potential of these

progenitors at the single-cell level regarding the production of neu-

rogenic and non-neurogenic cell types and how these two groups

are linked.

First, we performed clonal coupling analysis on all cell types. For

that, we assessed the likelihood for each pair of cell types to share a

cloneID and compared this clonal coupling score with randomized

data. We identified cell type combinations likely sharing a common

ancestor cell at the injection time point and cell types that are likely

not descending from the same lineage. We clustered the pairwise cou-

pling scores hierarchically and plotted the results in a heat map

(Figure 2a). We found two blocks of highly related cell types that form

two separate clusters. On the one hand, oligodendrocyte lineage cells

form one distinct block of related cells, on the other hand, cell types

of the neurogenic lineage (RGDG, SZNBL, DGNBL1 in Figure 2a) and

mature granule neurons (DGGRC1/2 in Figure 2a) clustered together.

These two blocks of cell types show negative coupling scores

between each other, indicating that neuroepithelial stem cells at E9.5

tend to produce either neurogenic cells and DG neurons or oligoden-

drocyte lineage cells but not both.

For some cell types an unexpectedly low coupling score was calcu-

lated. For example, OPCs and MOL1 cells do not occur in the same

clones often. Most likely, OPC-rich clones did not have time to mature

to MOL1s at the time point of collection. Generally, mature oligodendro-

cytes are rare in the dataset due to difficulties to isolate them in a viable

state. Finally, biological explanations cannot be excluded either. OPCs

are produced in three waves and the OPCs present in this dataset might

stem from another wave than the MOL1s (Kessaris et al., 2006).

To understand the fate bias of neuroepithelial stem cells in more

detail, we thoroughly investigated the clonal structures. Similar to

above defined neurogenic clones, we denoted clones with at least

two cells of the oligodendrocyte lineage as “oligodendrogenic.” We

extracted all oligodendrogenic clones among hippocampal clones

(187 out of 559 clones, 1107 cells), plotted them in UMAP space,

and determined their cell type ratios (Figure 2b). Interestingly,

extracting oligodendrogenic clones reduced the ratio of neuronal

progenitors from 33% to 5%, of mature neurons from 6% to 3%, and

RGDGs from 6% to 2% while astrocyte ratios remained almost

unchanged (24%–25%). Oligodendrocyte ratios increased from 30%

to 66%. In contrast, selecting for clones that contain at least two

neurogenic cells (208 clones, 1603 cells) reduced the oligodendro-

cyte lineage ratio from 30% to 6% (Figure 2c). The fraction of

RGDGs and neuronal progenitors almost doubled (6%–11% and

33%–64%, respectively). Mature neurons decreased from 6% to 3%

due to a loss of CR cells which seem not to be related to neurogenic

or oligodendrogenic clones. Astrocyte numbers decreased from 24%

to 16%.

In summary, by selecting for oligodendrogenic clones we reduced

the ratio of neuronal cells drastically. Vice versa, extracting neurogenic

clones resulted in a clear shrinkage of oligodendrocyte lineage cell

counts. These results support the observation made with lineage cou-

pling analysis (Figure 2a) that the neurogenic and oligodendrogenic

lineages are largely separated.
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Next, we aimed to test the statistical relevance of our findings.

We first focused on oligodendrogenic clones and examined the num-

ber of neurogenic cells in these clones (Figure 2d). The average num-

ber of neurogenic cells in oligodendrogenic clones is significantly

lower than compared with all hippocampal clones (p = 3.535e�14,

WRST, 0.41 ± 0.89 vs. 2.31 ± 6.39). This is not true for astrocytes in

oligodendrogenic clones versus all clones (p = .9964, WRST, 1.46

± 2.64 vs. 1.25 ± 2.18). Similarly, when comparing the distribution of

oligodendrocyte lineage cells in neurogenic clones with the distribu-

tion in all hippocampal clones we found a significant smaller average

(p = 1.953e�13, WRST, 0.46 ± 1.32 vs. 1.44 ± 2.31; Figure 2e).

Again, astrocytes do not show this difference (p = .06128, WRST,

1.21 ± 2.44 vs. 1.25 ± 2.18). These statistical results support our

notion that neuroepithelial stem cells display early fate bias to either

produce progenitors of postnatal neurogenesis (Figure 2g) or oligo-

dendrocyte lineage cells (Figure 2h) while astrocytes are produced in

both cases. It is possible that we observed these results due to small

oligodendrogenic clone size, making it less likely for oligodendrocytes

to occur together with neurogenic cells in the same clone. To exclude

this explanation for the fate split, we extracted clones with a minimum

clone size of 5 and found statistical support for the same fate split

between neurogenic and oligodendrogenic clones as presented in

Figure 2d,e for all clones (Figure S3a,b). Vice versa, excluding clones

with more than 5 cells did not lead to a less significant separation of
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F IGURE 2 Early fate bias of postnatal neurogenesis progenitors. (a) Clustered heat map showing correlation between clonal coupling scores
for each pair of cell types. Scores were calculated as the total number of shared cloneIDs between two cell types in comparison to randomized
data. High values indicate a likely linkage of the two cell types by a common ancestor while low values indicate that the two cell types are likely
not related to each other. (b,c) UMAP plots highlighting all cells in oligodendrogenic (b) and neurogenic (c) clones (left-hand panel) and the
respective cell type distributions in such clones (right-hand panel). Oligodendrogenic/neurogenic clones are clones with at least two cells from the
oligodendrocyte/neurogenic lineage. Colors are cell-type specific and cell type abbreviations are taken from www.mousebrain.org. (d–f)
Combined violine and box plots showing the distributions of cell counts in clones. ns, not significant. ***p < .001. Neurog., neurogenic; Oligog.,
oligodendrogenic. (d) Comparison of cell count distributions of neurogenic cells (blue) and astrocytes (orange) in oligodendrogenic clones (yellow
bar) and all hippocampal clones (black bar). Neurogenic in oligodendrogenic versus all: p = 3.535e�14, Wilcoxon rank sum test (WRST), 0.41
± 0.89 versus 2.31 ± 6.39, mean ± SD, n = 187 and n = 559, respectively. Astrocyte in oligodendrogenic versus all: p = .9964, WRST, 1.46 ± 2.64

versus 1.25 ± 2.18, mean ± SD, n = 187 and n = 559, respectively. (e) Comparison of cell count distributions of oligo. (=oligodendrocyte lineage
cells, yellow) and astrocytes (orange) in neurogenic clones (blue bar) and all hippocampal clones (black bar). Oligo. in neurogenic versus all:
p = 1.953e�13, WRST, 0.46 ± 1.32 versus 1.44 ± 2.31, mean ± SD, n = 208 and n = 559, respectively. Astrocytes in neurogenic versus all:
p = .06128, WRST, 1.21 ± 2.44 versus 1.25 ± 2.18, mean ± SD, n = 208 and n = 559, respectively. (d) Comparison of cell count distributions of
neurogenic cells (blue) and astrocytes (orange) in multiregional clones (tricolored bar, 10%–80% hippocampal cells) and in hippocampal clones
(green bar, 100% hippocampal cells). Neurogenic multi-regional versus hippocampal: p = 1.65e�08, WRST, 0.51 ± 0.96 versus 2.31 ± 6.39, mean
± SD, n = 159 and n = 559, respectively. Astrocytes multi-regional versus hippocampal: p = .08, WRST, 0.74 ± 1.1 versus 1.25 ± 2.18, mean
± SD, n = 159 and n = 559, respectively. (g,h) Summarizing scheme of the results. After rounds of self-renewing divisions, neuroepithelial stem
cells are fate-biased to either produce astrocytes or adult neurogenic cells differentiating to dentate gyrus granule neurons for the hippocampus
(g) or oligodendrocytes and white matter astrocytes for multiple regions (h). Created with BioRender.com.
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neurogenic and oligodendrogenic fate (Figure S3c,d). Furthermore, we

could show that clones of 16–20 cells consist of more than 30% oligo-

dendrocytes on average and only in clones larger than 20 cells the

ratio of oligodendrocytes decreases significantly (Figure S2a).

Despite the strong and significant differentiation bias between

neurogenic and oligodendrogenic fate, we observed neurogenic

clones with oligodendrocyte lineage cells and vice versa: 9% of

neurogenic clones contain at least two oligodendrocyte lineage cell

and 10% of oligodendrogenic clones contain at least two neuro-

genic cells.

While we detected hints of a fate split in striatum and cortex,

results are harder to interpret in these two regions. Extraction of neu-

rogenic or oligodendrogenic clones also led to significant shrinkage of

the oligodendrocyte/neurogenic population in striatum and cortex

(Figure S4). However, astrocyte numbers underwent a similar size

reduction after selection which indicates that diversity of cell types in

general was reduced and not neurogenic cells/oligodendrocytes spe-

cifically. The appearance of new-born neuronal cells in striatum and

cortex was unexpected. Further investigation demonstrated that neu-

rogenic cells in the striatum and cortex are to a great part either olfac-

tory bulb neuroblasts (41% and 60%) or subgranular zone radial-glia

like cells (16% and 0%). Thus, they either were directly collected from

the subventricular zone or ended up being collected in striatum/

cortex while migrating along the rostral migratory stream due to

imperfect dissection (Obernier & Alvarez-Buylla, 2019). Since migra-

tion of neurogenic cells causes a spatially biased separation of clones

and neurogenic clones are rare, the results of Figure S4 should be

interpreted with caution. More investigation is needed to confirm a

fate split in these two brain regions.

Finally, we asked whether neuroepithelial progenitors destined

to produce progeny for postnatal neurogenesis are further

restricted in their potential. Previously, we excluded all multiregio-

nal clones and focused on hippocampal cells only. We picked

clones (n = 183 or 33%) with only 10%–80% hippocampal cells

while the rest stem from STR or CX and compared their neurogenic

cell counts to pure hippocampal clones (Figure 2f). Interestingly,

we observed a significantly lower average count of neurogenic

cells in multi-regional than in hippocampal clones (p = 1.65e�08,

WRST, 0.51 ± 0.96 vs. 2.31 ± 6.39). The same is true when select-

ing for neurogenic clones only (p = 7.09e�4, WRST, 2.38 ± 0.67

vs. 5.8 ± 9.5). In contrast, when comparing these counts for astro-

cytes in multiregional and hippocampal clones we could not find

significant differences (p = .08, WRST, 0.74 ± 1.1 vs. 1.25 ± 2.18).

Oligodendrocytes, on the other hand, dominate multiregional

clones across all clone sizes up to 20 cells (Figure S5a) and gener-

ally appear in significantly higher numbers in multiregional clones

than in hippocampal ones (Figure S5b, p = 1.8e�08, WRST, 2.03

± 2.21 vs. 1.44 ± 2.31).

These results suggest that progenitors of postnatal neurogenesis

are not only fate-biased as early as day 9.5 of embryonic development

but are also strongly limited to produce cells for the hippocampus.

The same is not true for neuroepithelial stem cells biased to an oligo-

dendrogenic fate as they supply cells to multiple regions.

3.3 | Early regional bias of postnatal neurogenesis
progenitors

Our findings led us to the question whether fate restriction of neuroe-

pithelial stem cells expands beyond oligodendrocyte lineage and neu-

rogenic cells. We observed the occurrence of other cell types

available in the dataset in neurogenic and non-neurogenic clones of

the hippocampus. Isolated ependymal cells lining the ventricle walls

near the HC appear in neurogenic clones in 38% of cases (3 out of 8;

Figure 3). Thus, the ependymal and neurogenic lineage does not seem

to be strictly separated. Ependymal cells also take part in oligodendro-

genic clones (38%) suggesting that they emerge before lineage bifur-

cation. In contrast, no CR cell was found in a neurogenic or

oligodendrogenic clone clearly suggesting a divergence of the CR and

neurogenic lineages before E9.5 (0 out of 70; Figure 3). These results

coincide well with the fact that ependymal cells have a high clonal

coupling score with neuronal intermediate progenitor cells while

Cajal–Retzius cells display low clonal coupling with any of the present

cell types (Figure 2a).

So far, we have considered astrocytes as a single group. We have

seen that they can be produced both by progenitors biased toward

neurogenesis or oligodendrogenesis. However, when inspecting gray

and white matter astrocytes separately, interesting differences

emerged. Almost half or 44% (223 out of 509) of gray matter astro-

cytes were found in neurogenic clones and 36% in oligodendrogenic

ones (Figure 3). This matches our previous finding that astrocytes can

be contributed by both neurogenic and oligodendrogenic progenitors.

In contrast, with 75% (163 out of 192) the greatest part of white mat-

ter astrocytes of the dataset was produced by non-neurogenic pro-

genitors (Figure 3), 48% of cells by oligodendrogenic ones. This
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F IGURE 3 Early regional bias of postnatal neurogenesis
progenitors. Stacked bar plot showing the fraction of cells found in

neurogenic (blue), oligodendrogenic (yellow), both neurogenic and
oligodendrogenic (blue and yellow stripes), and other (gray) clones.
Each single bar shows a different cell type. ACTE1/2, white/gray
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finding indicates a bias of certain non-neurogenic progenitors to pro-

duce cells for the white matter (oligodendrocytes and white matter

astrocytes) while neurogenic clones seem to be more specialized on

the formation of gray matter. Hierarchical clustering of clonal coupling

scores also placed white matter astrocytes close to the block of oligo-

dendrocyte cells while gray matter astrocytes belong to neither of the

blocks (Figure 2a).

Not surprisingly, neurogenic progenitors and their progeny are

responsible for the production of at least 73% of granule neurons

(27 out of 37; Figure 2e) and with that the establishment of the DG

region. Our data do not show whether these neurons have been pro-

duced during developmental waves or are a result of more recent

neurogenesis.

In contrast, neurons of the CA1 and CA3 regions are mainly not

part of neurogenic clones (23% or 18 out of 80 clones; Figure 3) or

oligodendrogenic ones (29%). Additionally, these CA1/3 neurons are

not clonally coupled to any cell type in the neurogenic block in

Figure 2a. While fate restriction is not absolute, it becomes clear that

neurogenic progenitors do not necessarily play a role in the construc-

tion of the CA1 and CA3 regions (Iyer & Tole, 2020). These results

further suggest a bias of neurogenic progenitors to not only the hip-

pocampus but also to the dentate gyrus region within the hippocam-

pus, while non-neurogenic clones tend to provide cells for other

regions, including white matter areas.

4 | DISCUSSION

Here we took advantage of a previously published scRNAseq dataset

that utilized genetic barcoding of precursor cells to study the develop-

mental relationship between neuroepithelial progenitors and postnatal

neurogenic clones in the hippocampus. We showed that a clear and

significant bias of progenitors toward a neurogenic or oligodendro-

genic fate exists as early as E9.5. Progenitors of neurogenesis in the

HC tend to produce cells for the HC such as granule neurons for the

DG but not cells for STR, CX or the hippocampal CA1/3 regions. This

is opposed to neuroepithelial progenitors biased to an oligodendro-

genic fate which generate cells of the oligodendrocyte lineage that

spread across several regions and include white matter astrocytes too.

Only a small part of ependymal cells was found in neurogenic clones

and no Cajal–Retzius cells at all.

It is widely acknowledged that RGDGs in the DG produce granule

neurons and astrocytes but not oligodendrocytes (Ahn &

Joyner, 2005; Bonaguidi et al., 2011; Pilz et al., 2018; Suh

et al., 2007). Oligodendrocytes of the region are instead generated by

oligodendrocyte progenitor cells (OPCs). The question whether these

OPCs share a lineage with RGDGs is not fully solved yet. When do

the neurogenic and oligodendrogenic lineages bifurcate? Oligodendro-

cytes have not been shown to part of Hopx+ progenitor clones in the

hippocampus upon Cre-inducible labeling at E10.5 and inspection at

P8 and P30 (Berg et al., 2019).

Our data stem from the juvenile mouse brain at around P11–P14

which coincides roughly with the completion of hippocampal

structures but does not include adult processes. However, already

2 weeks after birth we captured sufficient neurogenic activity to draw

statistical conclusions (Figure 1e,f, clones = 208 clones, average clone

size = 7.7 cells/clone). Since we injected cloneIDs at E9.5, our data

cover most of embryonic and postnatal development. We could find

clear indications of separated lineages at this early time point, provid-

ing evidence for largely fate-specified adult neurogenesis progenitors

in early embryonic development.

We further provided supporting evidence for previous observa-

tions (Berg et al., 2019) with a large number of clones and an unbiased

labeling approach, that is, not relying on labeling of a specific progeni-

tor population. We found the same regional restriction of progenitors

of neurogenesis which supply cells mainly for the hippocampus and

not for other regions. Furthermore, we saw that most CA1/3 neurons

were produced in clones that are non-neurogenic postnatally. This is

consistent with a previous study which found that the dentate neu-

roepithelium produces cells for the DG and the CA neuroepithelium

for the CA1/3 regions of the hippocampus (Berg et al., 2019). More-

over, oligodendrogenic clones were shown to focus on the production

of white and not gray matter astrocytes (Berg et al., 2019). These

results give the impression of not only a fate restriction toward a cer-

tain lineage (e.g., neurogenic vs. oligodendrogenic) but also toward

the requirements of a certain region. It is plausible that oligodendro-

genic clones not only provide oligodendrocytes but also white matter

astrocytes to build white matter regions such as the surrounding of

the HC.

Very low numbers of astrocytes have been reported to be gener-

ated in postnatal adult neurogenic clones and none in embryogenesis

(Berg et al., 2019). We also found many neurogenic clones not con-

taining any astrocytes (62%) but on average 12% of cells in neuro-

genic clones were astrocytes. From our data it cannot be determined

whether these astrocytes stem from the embryonic or postnatal

phase. However, the numbers are probably higher than found by Berg

et al. (and probably lower than real numbers in the tissue due to bar-

code dropout and undersampling of astrocytes, Figure 1d) and this

might be due to the inclusion of Hopx� progenitors in the dataset.

Our results also favor a continuous model of development for DG

neurogenesis progenitors with a continuous specification to produce

dentate granule neurons. However, since we regularly found astro-

cytes together with neurogenic cells (including RGDGs) in clones, we

propose an extension of this model to include astrocytes. Whether

those represent progeny of a “set aside” population or are produced

in parallel with granule neurons remains to be studied.

Ependymal cells are thought to be born between E13.5 and E15.5

from radial glia cells. They have been found to be directly related to

stem cells of the ventricular zone (Ortiz-Álvarez et al., 2019). We only

reported low numbers of ependymal cells in our dataset, but the low

linkage of these cells to neurogenic clones (38% of cells) of the HC

might be explained by the fact that they mainly stem from another

population of progenitor cells not contributing to the DG.

CRs cells, on the other hand, have not been found in neurogenic

clones at all. On the one hand, the reason for this decoupled status

can be the early birth of these cells. CR cells are the first neurons
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populating the neocortex (Causeret et al., 2021). On the other hand,

the peak of CR neurogenesis was determined to be at E10.5–E12.5,

after injection. Thus, while CRs cells are thought to be of great impor-

tance for the HC and DG, they must originate from different progeni-

tor cells than the postnatally neurogenic clones (Causeret et al., 2021).

Our approach is different from classical lineage tracing

approaches in the sense that it does not require a priori knowledge of

marker genes and allows unbiased labeling of progenitor cells. We col-

lected 18,570 clonally labeled cells across three different anatomical

regions which required the use of only four injected mice. Collecting

cloneIDs together with information of the transcriptome of each cell

also makes identification of progeny more reliable and detailed. For

example, we could distinguish between white and gray matter astro-

cytes and assess different origins of these two subtypes.

The main challenge of our approach is cell loss and/or barcode drop-

out. Average clone sizes with our method are much lower (4 ± 0.1 cells

per clone (mean ± SEM, n = 2276 clones) in comparison to traditional fate

mapping that found around 200 cells per clone (Llorca et al., 2019).

Therefore, the isolated clones in our dataset are most likely incomplete.

However, a high variability of clone sizes has been found in both our

study and other fate mapping paper (Llorca et al., 2019) hinting at an

undetermined nature of clone expansion rates. To overcome our limita-

tions, we sampled high numbers of clones, applied statistical approaches

for common observations and expressed our results in fractions of total

found cells. For this we assume that, within a cell type, cells end up in our

dataset at random. Rare populations and clonal linkages are harder to

detect and support with statistical testing. For our analyses, we also must

consider that cell type ratios are slightly skewed due to the higher capture

of EGFP+ cells and cloneIDs in certain groups. For example, neuroblasts

in the DG are overrepresented in cloneID+ data because they divide

more than other cell types. We have performed statistical tests using nor-

malized cell ratios for the oligodendrocyte, astrocyte, and neuron class

and found negligible differences to the results presented in this study.

The question of why fate biases are not absolute can be discussed

in this light. The fact that most but not all dentate granule neurons are

found in neurogenic clones can be explained by the dropout of neuro-

genic cells such that clones that are neurogenic in the tissue do not

appear so in the dataset. The existence of oligodendrocytes in neuro-

genic clones (9% of clones), however, is not explainable with dropout.

In our previous publication, we have determined a low error rate of

0.2% for falsely associating a specific cloneID to a single cell (Ratz

et al., 2022). This error rate is not sufficient to explain the 2.6% of oli-

godendrocyte lineage cells that were found in neurogenic clones.

Another explanation could be that when separating CX, STR, and HC

for cell isolation, cells from nearby regions contaminated the HC sam-

ple. However, this argument is weakened when considering that most

neurogenic/oligodendrogenic mixed clones contain neurogenic cells

specific for the DG (such as RGDGs or DG neuroblasts) or even

mature granule neurons. Therefore, we consider the interesting possi-

bility that a small, unidentified subpopulation of neuroepithelial pro-

genitors produces both oligodendrocytes and neurons for the HC,

most likely diverging at early time points.

Our work contributes to the understanding of regional and fate

specification of adult neurogenesis progenitors. In the future, we hope

that the improvement and utilization of spatial transcriptomic

approaches will allow a more detailed linkage of gene expression with

fate decisions and precise locations of neuroepithelial progenitor cells

and their progeny. Especially, it will be exciting to explore how the

location, environment and intracellular constitution contribute to fate

specification and neurogenesis throughout adulthood. Knowledge

about these developmental processes will have important implications

in the understanding of neurodevelopmental disorders. Future work

that examines the underlying mechanisms of fate decisions toward

neurogenesis will be eagerly awaited.
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