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Traumatic brain injury promotes
neurogenesis at the cost of astrogliogenesis
in the adult hippocampus of male mice

P. Bielefeld1,13, A. Martirosyan2,3,13, S. Martín-Suárez4,13, A. Apresyan 5,13,
G. F. Meerhoff1, F. Pestana 2,3, S. Poovathingal2,3, N. Reijner1, W. Koning1,
R. A. Clement1, I. Van der Veen1, E. M. Toledo1, O. Polzer 1, I. Durá4,
S. Hovhannisyan6, B. S. Nilges7,8, A. Bogdoll7, N. D. Kashikar 7,8,
P. J. Lucassen 1, T. G. Belgard 9, J. M. Encinas 4,10,11, M. G. Holt 2,3,12,14 &
C. P. Fitzsimons 1,14

Traumatic brain injury (TBI) can result in long-lasting changes in hippocampal
function. The changes induced by TBI on the hippocampus contribute to
cognitive deficits. The adult hippocampus harbors neural stem cells (NSCs)
that generate neurons (neurogenesis), and astrocytes (astrogliogenesis).While
deregulation of hippocampal NSCs and neurogenesis have been observed
after TBI, it is not known how TBI may affect hippocampal astrogliogenesis.
Using a controlled cortical impact model of TBI in male mice, single cell RNA
sequencing and spatial transcriptomics, we assessed how TBI affected hip-
pocampal NSCs and the neuronal and astroglial lineages derived from them.
We observe an increase in NSC-derived neuronal cells and a concomitant
decrease in NSC-derived astrocytic cells, together with changes in gene
expression and cell dysplasia within the dentate gyrus. Here, we show that TBI
modifies NSC fate to promote neurogenesis at the cost of astrogliogenesis and
identify specific cell populations as possible targets to counteract TBI-induced
cellular changes in the adult hippocampus.

Traumatic brain injury (TBI) is a major global health problem linked to
everyday life events such as domestic activities, participation in (con-
tact) sports, road accidents and occupational hazards, in which head
trauma causes brain damage1. In total, 69 million people worldwide
suffer from TBI annually2. While TBI-induced brain damage is the
leading cause of death below 45 years of age3, nearly half ofmilder TBI
patients experience some form of long-term cognitive impairment4

and are more likely to develop depression and neurodegenerative
diseases5–7. Despite these devastating consequences for patients, there
is currently a lack of specific therapeutic targets, or effective drug
treatments, for TBI8,9.

Although frequently spared from the acute primary injury, the
hippocampus generally becomes affected during a secondary injury
phase, which spreads throughout the brain after the initial TBI3.
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Importantly, increasing evidence indicates that cognitive dysfunction
after TBI is associated with changes in hippocampal function3, that
occur during this secondary phase. The hippocampus is critical for
cognition, and also one of the few areas in the adult brain that harbors
native neural stem cells (NSCs), that have been implicated in cognitive
and emotional control10. Upon activation, NSCs generate proliferative
progenitor cells and neuroblasts, which give rise to immature dentate
granule neurons11. In addition, NSCs generate new astrocytes (astro-
gliogenesis) under physiological conditions12–15. These newly gener-
ated neurons and astrocytes persist in a specialized anatomical
location in the subgranular zoneof theDentateGyrus (DG), termed the
adult hippocampus neurogenesis (AHN) niche16,17. Although the func-
tional contribution of some of the NSC-derived neuronal cell types
within the AHN niche has been studied18,19, the properties of the adult
NSC-derived astrocytes remain less well characterized14.

Here, we aimed to assess in detail how TBI affects NSC fate in the
adult hippocampus, leading to changes in neurogenesis and astro-
gliogenesis and, consequently, in the relative cellular composition of
the AHN niche. We applied a controlled cortical impact (CCI) model of
TBI20. The CCI model is commonly used to model moderate to severe
TBI, due to its intrinsic characteristics. Frequently, an open-headCCI is
used to induce reproducible local primary cortical damage and graded
injury. In particular, the need for a craniotomy makes this model
unsuitable for mild TBI. In the CCI model, injury severity is defined
using a priori technical injury parameters, such as impact depth and
speed, and a posteriori histological and behavioral outcomes, such as
brain tissue loss at the site of primary injury and learning/memory
impairments. Specifically, a moderate TBI induced using CCI in mice is
characterized by considerable cortical tissue loss with little to no
hippocampal tissue loss, and the presence of spatial learning/memory
impairments20,21. In the moderate TBI induced by CCI, gliosis in the
primary perilesional cortical region increases and then rapidly
decreases to pre-impact levels shortly after impact, while hippocampal
gliosis peaks later, after thefirst-weekpost impact in the in the absence
of initial hippocampal tissue damage22,23. Interestingly hippocampal
NSC proliferation and neurogenesis levels are sensitive to injury
severity in the CCI model24.

Nestin-GFP mice in which GFP is expressed in individual cells of
the AHN niche under the control of the neuroepithelial stem cell
protein (Nestin) promoter25,26 has been used in single-cell RNA
sequencing (scRNA-seq) studies of the AHN niche to sort NSCs, neural
progenitor and other cell populations using flow cytometry, as well as
to exclude that populations of NSCs are dominated by astrocytes, due
to the otherwise close similarity between the two cell types27–29. We
applied CCI to Nestin-GFP mice and analyzed the effect of TBI using
Nestin-GFP cells purified by flow cytometry followed by (scRNA-seq)
and spatial transcriptomics analysis of the dentate gyrus.

Here, we show that TBI disturbs the balance betweenNSC-driven
neuro- and astrogliogenesis, effectively reducing the numbers of
NSC-derived astrocytes, while increasing the number of NSC-derived
neuronal cells. In addition, we molecularly characterize several cell
populations derived from hippocampal NSCs. Finally, we trace back
these cell populations in situ, uncovering significant changes in the
anatomical location of NSC-derived cell populations in the DG after
TBI. As such, our work provides a basis for future investigations of
specific cell populations that could serve as targets to counteract
the changes induced by TBI in the hippocampus30, and may help
us to better understand the role of NSCs in hippocampal
neurodegeneration.

Results
TBI-induced cellular changes in the dentate gyrus and
hippocampus-dependent cognition
First, we characterized cellular changes in the hippocampi of mice
subjected to moderate TBI and how this correlates to changes in

hippocampus-dependent cognition. For this, we compared sham cra-
niotomizedmice (Control) andmice subjected to unilateral controlled
cortical impact (TBI). Fifteen days post-surgery, TBI was found to have
induced unilateral hippocampal astrogliosis, as the percentage of tis-
sue is positive for GFAP signal, a parameter that estimates astrocyte
density and hypertrophy23,31 (Fig. 1a–d). The lack of GFAP signal in the
boxed area in Fig. 1a indicates the cortical tissue loss at the site of
primary injury, compatible with direct cortical damage in the CCI
model. We then injected mice with BrdU at the time of CCI or control
craniotomy and sacrificed them 15 days after injury. We observed an
increase in cell proliferation in the DG, as assessed by the number of
BrdU+ cells present per mm3 (Fig. 1e, f). This increase in cell pro-
liferation was reflected in an increase in the number of local (mature)
proliferating astrocytes (Fig. 1g), measured as S100B + /BrdU+ cells
present per mm3 (Fig. 1h) or the percentage of S100B+ cells that
incorporated BrdU (Fig. 1i). Clusters of S100B+ /BrdU+ cells were
observed in the hilus (Fig. 1g, white arrowheads).

In addition, we observed an increased number of proliferative
NSCs (Nestin-GFP + /GFAP + /Mki67+ cells) in the TBI group (Fig. 1j, k),
and increased neurogenesis, as assessed by the total numbers of DCX+
cells in the DG (Fig. 1l–n). DCX+ cells where subdivided into 6 cate-
gories, according to the presence and shape of their apical dendrites:
A, no processes; B, stubby processes; C, short horizontal processes; D,
short vertical processes oriented to the molecular layer; E, one long
vertical dendrite; F, long branched vertical dendritic tree, as described
in32. We found a significant increase in category C and D cells (Fig. 1o),
which have been classified as early neuroblasts that express the pro-
liferation marker Mki6732. The increase in DCX+ cells in the DG of TBI
mice was reflected by an increase in neuronal cell proliferation
(Fig. 1p), measured as the total number of DCX+/BrdU+ cells per mm3

(Fig. 1q) or the percentage of DCX+ cells that incorporated BrdU
(Fig. 1r). To address the longer-term effect of TBI on newborn neurons
we traced the integration of newborn neurons in the DG using a ret-
roviral vector expressing GFP (RV-GFP) that only labels dividing cells,
which can then be visualized in hippocampal slices33. The RV-GFP was
injected immediately before the CCI-induced TBI or control cra-
niotomy, and mice were sacrificed 15 days after injury. We observed a
significant increase in the percentage of newborn neurons (GFP+ cells
co-expressing DCX as a fraction of total GFP+ cells) in the TBI group
compared toControl (Fig. 1s, t). In addition to their numerical increase,
we observed morphological changes in newborn neurons in the TBI
group. Specifically, we observed that a higher percentage of the new-
born neurons in the TBI group presented dendritic arbors with two
primarydendrites emerging directly fromthe soma, or amain dendrite
bifurcating within the first 10 μm from the soma (Fig. 1u). Newborn
neurons in the TBI group also had a significantly lower number of
dendritic spines per distance unit (Fig. 1v). The cellular changes
observed in the DG corelatedwith impaired performance in theMorris
water maze, a commonly used test for hippocampus-dependent spa-
tial learning and memory. Mice subjected to TBI showed deficits in
learning the position of a hidden platform in the test pool (Fig. 1w, x).
Together, these results show that changes in the cellular architecture
of the hippocampus correspondwith impairments in cognition 15 days
after TBI.

A single-cell census of the AHN niche reveals that cell identity is
maintained after TBI
To understand the cellular changes induced by TBI in NSCs and their
progeny in the DG in a comprehensive but unbiased manner, we used
scRNA-seq. Nestin-GFP mice were divided randomly into Control and
TBI groups. Fifteen days post-surgery, DGs from the respective
experimental groups were microdissected and pooled for tissue dis-
sociation, followed by isolation of Nestin-GFP+ cells using
fluorescence-activated cell sorting (FACS) (Supplementary Fig. 1). Cells
were then subjected to scRNA-seq according to the experimental
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group using the 10 × 3’ whole transcriptome workflow with Illumina
sequencing. Anunbiased integration and clustering approachwas then
applied to the dataset (which contained a total of 7791 high-quality
cells across both experimental groups), using the Seurat algorithm34.
We were able to identify ten cell clusters representing the expected
major cell types of theDG (Fig. 2a andSupplementaryData 1). Basedon

the expression levels of knownmarker genes, wedefined abundant cell
clusters containing NSCs (Neurog2+, Hmgn2+, Sox4+, Sox11+, Mki67+),
Radial Glia-like (RG-like) cells (Ascl1+, Ccnd2+, Vim+, Hes5+, Mki67-),
astrocyte-like cells (Slc1a3+, Aqp4+, S100b+, Aldoc+), neuron-like cells
(Neurod1+, Snap25+, Dcx+), and oligodendrocytes (Oligo) (Mog+, Mag+,
Mbp+). In addition, other less abundant cell populations were
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identified, such as oligodendrocyte precursor cells (OPC) (Pdgfra+,
Gpr17+, Mag+), pericytes/mural cells (Mural) (Des+, Col1a2+), endothelial
cells (Endo) (Pecam1+, Flt1+) and microglia (Mgl) (Cd68+, Cx3CR1+).
Crucially, UMAP representation indicated that TBI does not appear to
induce major changes in the identifiable cell types present in the DG
(Fig. 2b), although increases in oligodendrocyte, endothelial, micro-
glia, and mural cell populations were detected, alongside decreases in
NSC and astrocyte populations. In contrast, despite the neuronal
population appearing to increase slightly consistent with increased
neurogenesis following TBI, this change was not considered statisti-
cally significant with the threshold for statistical significance of
P <0.05used for other populations (Fig. 2c andSupplementaryData 1),
although this may reflect the issue of sampling across the total neu-
ronal population.

Based on the known developmental origin of neurons and astro-
cytes from radial glia-like NSCs in the hippocampus14,35, and our own
observation of alterations in both astrocyte and neuron populations
following TBI (Fig. 1), we decided to examine the effects of TBI on
neurogenesis and astrogliogenesis in greater detail. For this, the NSC,
RG-like, astrocyte-like and neuron-like populations were extracted,
and reclustering was performed. This approach revealed several
populations (Fig. 2d and Supplementary Data 2), including three
clusters with gene expression profiles characteristic of NSCs. These
three NSC clusters expressed known NSC markers (Ascl1, Vim, Hes5,
Id4) (Supplementary Fig. 2), and could be further differentiated based
on differential marker expression: NSC-stage 1 (expressing Ranbp1,
Ezh2, Nme1), NSC-stage 2 (expressing Eif4g2, Hspa5) and RG-like
(expressing Neurog2, Zeb 1) (Fig. 2d, Supplementary Fig. 3, and Sup-
plementary Data 3). Importantly, NSC-stage 1 and 2 cells robustly
expressed the proliferation markerMki67, but only a few RG-like cells
did (Supplementary Fig. 3 and Supplementary Data 3). To investigate

the neurogenic and astrogliogenic pathways in more detail, we per-
formed a pseudotime lineage analysis on the data using the Monocle
algorithm36, with the identified NSC populations as the developmental
root. Using this methodology, neuronal populations could be divided
in UMAP space into a neuronal lineage which includedNSC-stage 1 and
2, RG-like cells and other clusters that expressed Dcx and NeuroD1,
Mdk, Prox1 (N-stage 1–2 cells); Plxna4, NeuroD2, Prox1 (N-stage 3–4
cells); Tubb2b, Fez1, Prox1 (N-stage 5–6, cells) (Supplementary Fig. 3
and Supplementary Data 3). N-stage 7 cells, expressing Syt1 and Reln
clustered independently from N-stage 1–6 cells in UMAP space, indi-
cating they likely belong to a different lineage not derived from NSCs
(Fig. 2d, Supplementary Fig. 3, and Supplementarydata 3). Pseudotime
analysis also revealed an astrocytic lineage includingNSC-stage 1 and2,
RG-like and four astrocytic cell clusters which we termed A-stage 1–4
cells. A-stage 1 cells expressed NSC markers (Ascl1, Vim, Hes5) and
genes commonly expressed in astrocytic cells (Gfap, Ntrk2, Id2), sug-
gesting A-stage 1 cells are immature astrocytic cells originating from
NSCs. A-stage 2 cells did not express the NSC markers Ascl1, Vim, and
Hes5, but expressed the astrocytic markers Gfap, Ntrk2 and Id2, pre-
sumably representing cells differentiating along the astrocytic lineage.
A-stage 3–4 cells expressed Gfap but differed from A-stage 2 cells by
expressing a different set of markers, including Smo, Fgfr3, Dmd, and
Hes5. A-stage 5–7 cells clustered separately in UMAP space, as they
neither expressedNSCmarkers (Ascl1, Hes5) nor the astrocyticmarkers
Smo, Fgfr3, and Dmd. They did, however, express Gfap, Ntrk2, and Id2,
indicating that they likely represent a different astrocyte lineage that is
not derived from NSCs (Fig. 2d, Supplementary Fig. 3, and Supple-
mentary Data 3). Interestingly, TBI did not induce significant changes
in the overall developmental trajectories of NSC-derived neurons and
astrocytes (Fig. 2e). However, several NSC-derived neuronal cell clus-
ters (N-stage 1, 2, 4, and 5) were enriched in the cell suspensions from

Fig. 1 | Immunohistochemical and behavioral characterization of hippocampal
changes following TBI.Micrograph representative of three independent experi-
ments. Red: GFAP immunohistochemistry showing ipsilateral astrogliosis (a), white
box: the location of the controlled cortical impact, dotted line: approximate
boundary of the cortical lesion, scale bar, 250 µm. Micrographs representative of
three independent experiments showing increased astrogliosis in the hippocampus
of Control (b) vs. TBI (c) mice. ML molecular layer, sGCL suprapyramidal granule
cell layer, H hilus, iGCL infrapyramidal granule cell layer. Scale bars, 100 µm.
Quantification of GFAP surface coverage in the dentate gyrus, n = 3 mice. Data are
presented asmean values +/− SEM, ***P <0.0001 one-way ANOVAwith Tukey’s post
hoc test (d). Micrographs representative of three independent experiments
showing proliferative cells in theDG. Red: BrdU, gray: cell nuclei labeled DAPI, scale
bars, 40 µm (e). Quantification of cell proliferation in the DG, n = 4 mice. Data are
presented as mean values +/− SEM, **P =0.0061 two-tailed, unpaired t test (f).
Micrographs representative of three independent experiments. Green: Nestin-GFP,
red: BrdU (red), magenta: mature astrocyte marker S100B. Cell nuclei were labeled
with the DNA marker DAPI (blue). Yellow arrowheads: Nestin-GFP+/BrdU+ cells,
yellow arrows: Nestin-GFP+/BrdU+ cells in the GCL. Deep pink: S100B+/BrdU+

astrocytes, white arrowheads S100B+/BrdU+ astrocytes in the hilus. Scale bars,
60 µm (g). Quantification of astrocyte proliferation in the DG expressed as the total
number of S100B+/BrdU+ cells per mm3, n = 4 mice. Data are presented as mean
values +/− SEM, **P =0,0060 two-tailed, unpaired t test (h). Quantification of
astrocyte proliferation in the DG expressed as the % of total S100B+ cells that
incorporated BrdU, n = 4 mice. Data are presented as mean values +/− SEM,
***P =0,0063 two-tailed, unpaired t test (i). Micrographs representative of three
independent experiments showing proliferative NSCs in the DG (Nestin-GFP+/
GFAP+/Mki67+ cells). Green: Nestin-GFP, red: GFAP, magenta:Mki67,merge: Nestin-
GFP+/GFAP+/Mki67+, scale bars, 15 µm (j). Quantification of NSC proliferation in the
DG expressed as the total number of Nestin-GFP+/GFAP+/Mki67+ per mm3, n = 5
mice. Data are presented as mean values +/− SEM, *P =0.0374 two-tailed, unpaired
t test (k). Micrographs representative of three independent experiments showing
cells expressing DCX in the DG of Control (l) or TBI (m) mice, scale bars, 10 µm.
Quantification of hippocampal neurogenesis expressed as total numbers of DCX+
cells in the dentate gyrus, Control n = 5 mice, TBI n = 4 mice. Data are presented as

mean values +/− SEM, *P <0.0078 two-tailed unpaired t test (n). Quantification of
six DCX+ cell phenotypes according to the presence, shape and orientation of
apical dendrites 27 within the DG. Control n = 5 mice, TBI n = 4 mice. Data are pre-
sented asmean values +/− SEM, *P =0.0431 one-way ANOVA with Tukey’s post hoc
test (o). Micrographs representative of three independent experiments showing
proliferative cells in the DG, Green: DCX antibodies, red: BrdU, blue: cell nuclei
labeled DAPI. Yellow somas indicated by yellow arrowheads: DCX+/BrdU+ cells, red
somas indicated by red arrowheads: (DCX-/BrdU+) cells, scale bars, 80 µm (p).
Quantification of neuronal cell proliferation in the DG expressed as the total
number of DCX+/BrdU+ cell permm3, n = 4mice. Data are presented asmean values
+/− SEM, **P =0.0095 two-tailed, unpaired t test (q). Quantification of neuronal cell
proliferation in the DG expressed as the % of total DCX+ cells that incorporated
BrdU, n = 4 mice. Data are presented as mean values +/− SEM, **P =0.0068 two-
tailed, unpaired t test (r). Micrographs representative of three independent
experiments. Magenta: RV-GFP, cyan: DCX. Yellow arrows: RV-GFP+/ DCX+ cells in
the external half of the GCL or the ML, scale bars, 20 µm (s). Quantification of
newborn neuron numbers expressed as the % of DCX+ cells that were positive for
RV-GFP, n = 4 mice. Data are presented as mean values +/− SEM, *P =0.0129 two-
tailed, unpaired t test (t). Quantification of the number of newborn neurons with
two primary dendrites emerging directly from the soma, or a main dendrite
bifurcating within the first 10 µm from the soma (atypical dendrites) expressed as
the % of total newborn neurons, n = 4 mice. Data are presented as mean values +/−
SEM, *P =0.0146 two-tailed, unpaired t test (u). Quantification of dendritic spines
density in secondary and tertiary dendrites of newborn cells expressed as the
number of spines per 10 μm long dendritic segment, n = 4mice. Data are presented
as mean values +/− SEM, **P =0.0014 two-tailed, unpaired t test (v). Escape latency
in the Morris Water Maze test Control n = 12 mice, TBI n = 11 mice. Data are pre-
sented as mean values +/− SD, #F(1, 109) = 67,0012, P = 5,56 10−13 time, *F(4,
109) = 19,6203, P = 3, 47 10−12 treatment, two-way repeated measures ANOVA with
Bonferroni post hoc test. Exact P valueswere calculated using P = F.DIST.RT(F, DFn,
DFd) (w). Percentage of time spent in the target quadrant during the Morris water
maze probe trial, Control n = 12 mice, TBI n = 11 mice. Data are presented as mean
values +/− SEM, #P =0.011 two-tailed, unpaired t test (x). Source data are provided
as a Source Data file.
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the TBI group, with N-stage 5 cells showing the largest TBI-induced
increase (Fig. 2f and Supplementary Data 2). In addition, several NSC-
derived astrocytic cell clusterswere depleted in these cell suspensions,
with A-stage 1, 2, and 4 cells showing a significant TBI-induced reduc-
tion, while A-stage 3 cells were unaffected (Fig. 2f and Supplementary
Data 2). In the absence of major effects of TBI on lineage and cell-type
identity, the change in the relative proportions of the various neuronal

and astrocyte subgroups suggests that TBI affects principally cell fate
determination. Gene ontology (GO) biological pathway (BP) analysis
performed for the neuro- and astrogliogenic lineages confirmed two
trajectories, with distinct changes in associated biological functions
over pseudotime, indicating a gradual change towards neuronal
(Fig. 2g and Supplementary Data 4 and 5) or glial (Fig. 2h and Sup-
plementary Data 4 and 5) functions, respectively. Interestingly,
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GO analysis indicated NSC-stage 2 is the cell population with the
highest proliferative potential, suggesting these cells represent acti-
vated NSCs, in agreement with their robust Mki67 expression (Sup-
plementary Figs. 2 and 3 and Supplementary Data 3). A previous
study37, identified two astrocyte populations in the hippocampus,
AST4 and AST5, with potential NSC or intermediate progenitor char-
acteristics. Using an integrated analysis of hierarchical clustering,
pseudotime profiles, and GO functional annotations for cell popula-
tions based on their gene expression profiles (Supplementary Fig. 4),
we compared the astrocytic cell types identified inour studywithAST4
and AST5. AST4 clustered closely with RG-like, NSC-stage 1 and NSC-
stage 2 cells (Supplementary Fig. 4). AST5 clustered closely toA-stage6
and A-stage 7 cells (Supplementary Fig. 4), which did not fit within the
astrocytic pseudotime trajectory derived from NSCs (Fig. 2d, e), indi-
cating a different origin. Similarly, AST4 displayed a pseudotime tra-
jectory comparable to our RGL, NSC-stage-1 and NSC-stage-2 cells,
whileAST5pseudotime trajectorydiffered from those (Supplementary
Fig. 4). Finally, DAVID functional GO analysis of the genes expressed in
AST4 revealed several biological pathways associated with translation,
resembling BPs such as “cytoplasmatic translation”, “ribosome
assembly” and “ribosomebiogenesis”overrepresented inRG-like, NSC-
stage1 andNSC-stage2 (Supplementary Fig. 5). In addition, GOpathway
analysis indicated that the BP “glial cell proliferation” was over-
represented in several NSC-derived astrocytic cell clusters that
resemble AST5, supporting the hypothesis they represent an inter-
mediate transition state between progenitors andmature astrocytes37.

RNA velocity predicts NSC fate changes after TBI
RNA velocity is a computational tool for predicting future cell state
fromscRNA-seqdata, by analyzing the ratio of spliced versus unspliced
RNA transcripts38,39. RNA velocity analysis performed on our scRNA-
seq dataset confirmed neuronal and astrocytic lineages originating
fromNSCs in the AHN niche, in Control and TBI conditions (Fig. 3a, b).
In these RNA velocity plots, the direction of the RNA velocity vector
indicates the likely future state of a given cell40, with long vectors
corresponding to large changes in gene expression indicative of cells
actively undergoing state transitions and short vectors representing
cells having low-transition probabilities and therefore largely main-
taining homeostasis38,41. Based on the calculated transition prob-
abilities, it appears bothNSC-stage 1 andNSC-stage 2 cells transition to
RG-like cells in Control conditions (orange bars Fig. 3c, d, respectively),
which in turn self-renew and feed both the neuronal (N-stage 1) and
astrocytic (A-stage 1) lineages (orange bars Fig. 3e and Supplementary
Data 6). Crucially, RG-like cells were the only cell type predicted to
generate astrocytic progeny in both experimental groups (Fig. 3a, b
and Supplementary Data 6). Consistent with the numerical changes
observed in specific cell clusters after TBI (Fig. 2f), RNA velocity indi-
cated an increased probability of NSCs entering the neuronal lineage
following injury, which is also in line with the increase in immature
neurons detected using RV-GFP tracing and immunostaining (Fig. 1).

Our RNA velocity calculations indicated and increased probability that
NSC-stage-2 and RG-like cells transition to N-stage 1 (Fig. 3d, e,
respectively and Supplementary Data 6), as well as NSC-stage 1 cells
transitioning to NSC-stage 2 (Fig. 3c and Supplementary Data 6). In
contrast, the probability of RG-like cells progressing to A-stage 1 was
reduced in the TBI group (Fig. 3e and Supplementary Data 6), indi-
cating that increased neurogenesis likely occurs at the expense of
astrogliogenesis. Interestingly, in Control conditions, a proportion of
NSC-stage-2 cells showed a likelihood of transitioning to N-stage-1
cells, an effect promoted in TBI conditions (Fig. 3d and Supplementary
Data 6), further tipping the balance of cell production toward neuro-
genesis. Consistentwith an imbalance in cell numbers, TBI hada strong
effect on the apparent self-renewal behaviors, observed as retention of
state identity in our transition probability analysis, of bothNSC-stage-1
and RG-like cells. TBI disfavored the apparent self-renewal of NSC-
stage 1 and increased thatofRG-like cells (Fig. 3c, e and Supplementary
data 6). Moving downstream of the initial neurogenic and astro-
gliogenic events leading to N-stage 1 and A-stage 1 cells, respectively,
RNA velocity showed that TBI promoted the transition of N-stage
1 cells to N-stage 2 cells and the transition of A-stage 1 cells to A-stage 2
cells (Supplementary Fig. 6). In addition, we observed a dynamic “back
flow”within cells of the astrocytic lineage. A-stage 3 and A-stage 4 cells
appear able to transition to A-stage 2 cells with high probability in
Control conditions, and these transitions were disfavored in TBI con-
ditions (Supplementary Fig. 6). A-stage 4 cells could also transition to
A-stage 3 cells in Control, and this transition was promoted in TBI
conditions (Supplementary Fig. 6). In summary, our RNA velocity
analysis is consistent with the major effect of TBI being on cell fate
decisions/transitions rather than cell identity per se.

Differential gene expression analysis reveals cell population-
specific responses to TBI
Differential gene expression analysis in combination with GO pathway
analysis is a commonly used approach to infer changes in cellular
processes and functions from scRNA-seq datasets42. Here, we used this
approach to interpret the changes induced by TBI in specific cell
populations derived fromhippocampal NSCs. First, we compared gene
expression patterns per cell population between the Control and TBI
groups using the two-sided MAST test. We found several differentially
expressed genes (DEGs) in specific cell populations. Overall, TBI
resulted in more upregulated genes (38 in total across 9 cell popula-
tions) than downregulated genes (16 in total across 8 cell populations)
(Fig. 4a, b andSupplementaryData 7). A-stage 3was the cell population
with the largest number of DEGs, suggesting A-stage 3 is the popula-
tion most affected by TBI in terms of changes in cell function. Inter-
estingly, we found that TBI upregulated a group of genes generally
associated with neuronal development and function that are com-
monly repressed during astrocytic differentiation (Sox4, Stmn1, Eid1,
Pcp4) (Fig. 4a). This suggests that TBI may affect the differentiation
status of A-stage 3 cells. In agreement with the former interpretation,

Fig. 2 | Molecular characterization of the NSC-derived neuro- and astro-
gliogenic lineages within the mouse dentate gyrus and the effects of TBI.
UMAP-based visualization of the major higher-order cell types identified by Seurat
in the single-cell dataset. Each dot represents a single cell. Cells with similar
molecular profiles group together. Cell types were assigned according to the
expression of specific marker genes and are labeled in different colors (a). UMAP-
based visualization of single-cell data according to experimental origin (Control or
TBI, 5–6 animals per condition) (b). Bar plots showing the relative number of cells
per cluster originating from Control or TBI samples against their predicted abun-
dance (62.96% of all cells originating from TBI samples: dashed line), NSC,
*P = 4.69 × 10−2; Astrocyte linage, *P = 5.99 × 10−35; Oligo, *P = 2.92 × 10−3; Endo,
*P = 5.14 × 10−5; Mgl1, *P = 2.13 × 10−2; Mural, *P = 1.82 × 10−8 vs. expected abundance,
two-sided binomial test. A summary of cell numbers and statistical analyses per-
formed is given in Supplementary Data 1 (c). UMAP-based visualization of NSC-

derived neuronal and astrocytic lineages obtained by extraction of neuronal and
astrocytic cells followed by reclustering. Each dot represents an individual cell and
discrete cell states are identified in specific colors (d). UMAP-based visualization of
reclustered data according to experimental origin (Control or TBI) (e). Bar plots
showing the relative number of cells per identified cell cluster in Control or TBI
samples, against their expected abundance (57.39% of all cells originating from TBI
samples: dashed line), N-stage 1, *P = 4.66 × 10−2; N-stage 2, *P = 4.07× 10−4; N-stage
4, *P = 2.97 × 10−4; N-stage 5, *P = 2 × 10−5; A-stage 1, *P = 2.23 × 10−7; A-stage 2,
*P = 3.39 × 10−15; A-stage 4, *P = 2.12 × 10−6 vs. expected abundance, two-sided bino-
mial test. A summary of cell numbers per population and statistical analyses per-
formed is given in Supplementary Data 2 (f). GO biological pathway matrix for the
cell clusters included in the neuronal (g) and astrocytic (h) lineages. Sourcedata are
provided as a Supplementary Data file.
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we found BP related to “positive regulation of neuron differentiation”,
“positive regulation of neuron projection development” and “central
nervous system projection neuron axogenesis” significantly over-
represented in A-stage 3 cells after TBI (Supplementary Data 8 and 9).
In addition, we found that TBI resulted in downregulation of twogenes
involved in the negative regulation of cell cycle progression (Arhgdia,
Nacc2) inA-stage 3 cells, suggesting thatproliferation of A-stage-3 cells
maybe favored after injury. TBI did not, however, induce large changes
in gene expression inNSCpopulations. In RG-like cells, two genes were
found upregulated: mediator complex subunit 29 (Med29) and protein
phosphatase 1 regulatory inhibitor subunit 14B (Ppp1r14b). Ppp1r14b, is
a gene linked to cell proliferation, growth and apoptosis43–45, and
Med29 is amplified and overexpressed in hyperproliferative cells45–47,
suggesting that upregulation of these two genes may be involved in

proliferative changes and fate changes in RG-like cells (consistent with
RNA velocity predictions). Based on this finding in RG-like cells, a
detailed examination of DEGs across cell populations revealed that
Ppp1r14b was consistently upregulated following TBI in 7 cell popula-
tions (Fig. 4a and Supplementary Data 7), specifically RG-like (Fig. 4c),
NSC-stage 2, (Fig. 4d), astrocytic A-stage 3 (Fig. 4e), and neuronal
N-stage 1–4, (Fig. 4f–i) populations, suggesting that Ppp1r14bmay play
an important role in the response of these cell populations to TBI.

TBI affects the anatomical location of specific NSC-derived
populations in the DG
Our scRNA-seq results indicate the presence of previously unchar-
acterized cell populations in the DG. To validate their existence, we
performedmultiplexed fluorescence in situ hybridization (FISH) using

a
Control

b
TBI

c NSC-stage 1 cells

NSC-stage 1 NSC-stage 2 RG-like

d NSC-stage 2 cells

NSC-stage 1 NSC-stage 2 RG-like N-stage 1

e RG-like cells

NSC-stage 1NSC-stage 2 RG-like N-stage 1 A-stage 1

f gN-stage 1 cells A-stage 1 cells

NSC-stage 2 RG-like N-stage 1 N-stage 2 RG-like A-stage 1 A-stage 2

**** **** ** **** **** ***** **** *********

**** ** **** ****

Fig. 3 | RNA velocity analysis indicates that TBI induces a subtle but func-
tionally significant shift in hippocampal neural stem cell fate. RNA velocity
analysis along both the neuronal and astrocytic lineage in the Control (a) and TBI
(b) groups, vectors (arrows) indicate the predicted direction and speed of single-
cell transitions in transcriptome space, colors indicate previously characterized cell
clusters indicated in the figures. Box blots showing transition probabilities calcu-
lated for NSC-stage 1 cells to NSC-stage 1 cells (****P = 4.4 × 10−15), to NSC-stage 2
(****P = 3.7 × 10−15) and to RG-like cells (**P = 1.5 × 10−3) (c); NSC-stage 2 cells to NSC-
stage 1 (****P = 6.5 × 10−8), to NSC-stage 2 (*P = 1.7 × 10−2), to RG-like (****P = 1.4 × 10−5)
and to N-stage 1 cells (****P = 7.9 × 10−5) (d); RG-like cells to NCS-stage 1
(**P = 1.2 × 10−3), to RG-like (****P = 6.6 × 10−12), to N-stage 1 (****P = 9.3 × 10−4) and to
A-stage 1 cells (****P = 3.6 × 10−6) (e); N-stage 1 cells to RG-like (*P = 4.7 × 10−2), to

N-stage 1 (***P = 7.1 × 10−4), and to N-stage 2 cells (**P = 1.7 × 10−3) (f); and A-stage
1 cells to A-stage 1 (****P = 5.4 × 10−9) and to A-stage 2 cells (****P = 3.9 × 10−9) (g).
Orange bars: Control group, cyan bars: TBI group, using Control = 5 and TBI = 6
animals per condition. In all panels, independent non-parametric two-sided Wil-
coxon test, Control vs TBI. Box plots show the median, first quartile (25%), third
quartile (75%), and interquartile range. Whiskers represent data minima and max-
ima; dots are data points located outside the whiskers, n = number of cells per cell
subpopulation Control/TBI are available as Supplementary Data 2 and calculated
mean transition probabilities across cell clusters are available in Supplementary
Data 14, including exact P values for all comparisons. Source data are provided as
Supplementary Data 15.
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RNAscope48 in hippocampal slices from wild-type mice, focusing on
the identification of NSC-derived astrocytic cells. For this, we used set
of 7 probes targeting Slc1a3, Hapln1, Frzb, Ascl1, Sparc, Sned1, and
Neat1 (Supplementary Fig. 7, “Methods”). Using this strategy, we were

able to localize three of the astrocytic cell populations in the DG
identified in our scRNA-seq experiments (Fig. 5a): A-stage 4 cells
(Slc1a3 + , Hapln1 + , Neat1 + , Sned1 + , Sparc−, Ascl1−, Frzb−; Fig. 5a
inset iii, Supplementary Fig. 7), A-stage 2 cells (Slc1a3 + , Hapln1−,
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Fig. 4 | TBI induces cell population-specific changes in gene expression in NSCs
and NSC-derived cells in the DG. Heatmaps showing expression of individually
upregulated (a) and downregulated (b) genes across NSCs and NSC-derived cell
populations. Color bars indicate the relative intensity of expression, indicated as ln
fold change in TBI vs. Control groups; SCT normalized data are compared. Violin
plots showing changes in Ppp1r14b expression induced by TBI in RG-like cells,

***P = 5 × 10−4 (c), NSC-stage 2 cells, ***P = 8.28 × 10−7 (d) astrocytic A-stage 3 cells,
***P = 4.93 × 10−5 (e), and neurogenic N-stage 1, ***P = 3.21 × 10−15 (f), N-stage 2,
***P = 8.59 × 10−16 (g), N-stage 3, ***P = 1.38 × 10−13 (h) and N-stage 4 cells,
***P = 6.44 × 10−12 (i), two-sided MAST test with Bonferroni post hoc test on SCT
normalized data. Source data are provided at https://zenodo.org/records/
10829090/files/AstrocyticAndNeuronalLineage_10x.RData?download=1.
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Neat1 + , Sned1 + , Sparc−/+, Ascl1−, Frzb−; Fig. 5a, inset ii and Supple-
mentary Fig. 7) and A-stage 1 cells (Slc1a3 + , Hapln1−, Frzb + , Ascl1 + ,
Sparc + , Neat1 + , Sned1 + , Fig. 5a, inset I and Supplementary Fig. 7).
These different cell populations were observed in distinct locations
within the DG. A-stage 1 and 2 cells, were located in the subgranular
zone (SGZ) (Fig. 5a, insets i and ii, respectively), while A-stage 4 cells
were located in themolecular layer (ML), close to the external layers of

the granule cell layer (GCL) (Fig. 5a, inset iii). Indeed, NSCs and their
neuronal and astrocytic progenies are found in the SGZ, and this
anatomical positioning has been linked to their functional roles and
integration into hippocampal circuits14,18,49. Overall, our results with
RNAscope confirmed that early NSC-derived astrocytic cells (A-stage 1
and 2) located to the SGZ, while other populations in the NSC-derived
astrocytic lineagemay reside inmore distant locations. Unfortunately,
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RNAscope is restricted to the simultaneous detection of 12 transcript
probes. To overcome this limitation, we aimed to characterize the
anatomical location of NSCs and NSC-derived neurogenic and astro-
cytogenic cells using the recently developed Molecular Cartography
spatial transcriptomics platform (Resolve Biosciences GmbH,
Germany)50. Molecular Cartography allows for simultaneous detection
of up to 100 transcripts. We designed an extended panel of 93 probes
to localize cell populations identified from our scRNA-seq dataset in
theDGofmice fromControl andTBI groups (Supplementary Fig. 7 and
Supplementary Data 10). In a first validation step, the localization of
probes in Control tissue was compared to the corresponding signals
obtained from the Allen Brain Atlas51, which showedmatching patterns
(Supplementary Fig. 7). Using the anchor-integration method in the
Seurat package, we then compared the signals from the 93 Molecular
Cartography targets to the scRNA-seq dataset. This analysis indicated a
substantial overlap in the cell populations identified by both techni-
ques (Fig. 5b, c), with all NSC and NSC-derived populations defined in
the scRNA-seq data found back in the Molecular Cartography signal
clusters (MCCs) (Fig. 5c). Supporting the high concordance between
both techniques, pseudotime analysis of the merged scRNA/MCCs
dataset confirmed the presence of NSC-derived neurogenic and
astrocytogenic lineages (Fig. 5d, e). Although the relationship between
the two datasets was not always one-to-one, as some of the popula-
tions defined by scRNA-seq were represented in more than one MCC
(Fig. 5f), two pieces of evidence suggest that the two datasets report
equivalent features. First, there is a high degree of overlapbetween the
datasets. Second, an analysis of the percentual contribution of cells to
each MCC per experimental condition, showed that the number of
cells in MCC 1 (N-stage 1 and 2 cells, Fig. 5f), was significantly larger in
the TBI group and the number of cells in MCC 3 and 4 (A-stage 2–4
cells, Fig. 5f) was significantly smaller in the TBI group (Supplementary
Fig. 7 and Supplementary Data 13), demonstrating a high degree of
correspondence between the scRNA-seq and Molecular Cartography
datasets with respect to the effect of TBI on the relative cellular
composition of the DG. Therefore, we then asked whether TBI affects
the location of specific cell populations within the DG. First, we seg-
mented the DG into four different regions: SGZ, inner GCL (GL1); outer
GCL (GL2), and Hilus, as described in refs. 52,53. Guided by the DAPI
signal indicating cell nuclei in the GCL, the SGZ was defined as a two-
nucleus-wide band below the GCL, while the GL2 was defined as a
three-nucleus-wide band below the Molecular Layer. Based on these
criteria the GCL1 can be considered as the band between the SGZ and

theGCL2, and theHilus the area below the SGZ. As the thickness of the
GCL ranges from 4 to 8 neurons54, this procedure divides the GCL in
two halves of similar size (Fig. 5g, h). Then, we compared the location
of NSCs and the corresponding neuronal and astrocytic lineages in the
Control and TBI groups, using the MCCs defined in Fig. 5f. We were
unable to detect any change induced by TBI in the location of cells in
MCCs 7 and 8 (RG-like, NSC-stage 1 and NSC-stage 2 cells) (Fig. 5i).
However, the location of cells inMCC 2 (N-stage 3 cells) andMCC 9 (A-
stage 1 cells) was affected by TBI (Fig. 5j–o). The percentage of N-stage
3 cells in the SGZwas reduced (Fig. 5j, k), while their number in theGCL
(GL1 + 2) was increased (Fig. 5j, l) in the TBI group. The percentage of
A-stage 1 cells in the SGZ was reduced (Fig. 5m, n), while their number
in the Hilus was increased (Fig. 5m, o) in the TBI group. These results
indicate a specific effect of TBI on the location of two NSC-derived cell
populations in the DG, displacing them away from their native loca-
tions in the SGZ. Interestingly, Molecular Cartography showed an
increase in Gfap+ cells in the hilus (Fig. 5o), in agreement with the
general increase in GFAP protein levels observed in the hippocampus
in the TBI group (Fig. 1a–d).

Discussion
Under physiological conditions, native NSCs in the adult mouse DG
generate new neurons and astrocytes, which integrate into the hip-
pocampus’ complex cellular architecture and functional circuits, and
contribute to hippocampal-dependent learning, memory and mood
regulation14,35,55,56. Here, we aimed to understand how TBI affects spe-
cific populations of NSC-derived cells in the DG. Using a combination
of scRNA-seq, spatial transcriptomic and computational techniques,
we: (1) identified distinct cellular populations in the AHN niche that
belong to neuronal and astrocytic lineages; (2) observed that TBI
induces changes in the relative proportionof cells in these lineages; (3)
characterized changes in gene expression induced by TBI in specific
NSC-derived cell populations; (4) confirmed the presence of NSC-
derived neuronal and astrocytic cells in different subregions of the DG
in situ; (5) identified a specific effect of TBI on the anatomical location
of NSC-derived cell populations within the DG. Taken together, our
results using a variety of methods, all support the conclusion that TBI
modifies NSC fate to promote neurogenesis at the expense of astro-
gliogenesis, whilst also affecting the anatomical location of specific
NSC-derived populations within the DG.

In agreementwith observationsmade in other rodent TBImodels,
we observed an impairment in hippocampal-dependent cognitive

Fig. 5 | TBI induces changes in the location of specific cell populations in the
dentate gyrus.Micrograph representative of three independent experiments
showing RNAscope visualization of marker genes for A-stage 4 (a, inset iii), A-stage
2 (a, inset ii) and A-stage 1 (a, inset i) cells (individual marker signals shown in
Supplementary Fig. 7).MLmolecular layer, GCL granule cell layer, SGZ subgranular
zone; scale bar, 5 µm. UMAP-based representation of the individual 10X and
Molecular Cartography (MC) datasets. scRNA-seq-derived (left) and MC-derived
data (right) share a similar distribution within UMAP space. Colors in the 10X
dataset indicate neuronal and astrocytic cell lineages (b). UMAP-based repre-
sentation of the combined 10X-MC dataset (merged data), with colors indicating
the ten distinct clusters identified (c). UMAP-based representation of pseudotime
for neuronal (d) and astrocytic (e) lineages using the combined 10X-MC dataset.
Color bars: relative pseudotime distance from the root population (yellow: mini-
mum, red: maximum). Correlation matrix showing the relative overlap in gene
expression data between cell populations identified by scRNA-seq (10X scRNA-seq-
defined clusters) andMC (MolecularCartography signal clusters) (f). Color bar:% of
genes in a scRNA-seq cluster present in a MC cluster. DG subdivisions used to
compare the location of MC clusters, Hilus, subgranular zone (SGZ), inner granule
cell layer (GL1), outer granule cell layer (GL2). ML is indicated as reference (g).
Spatial mapping for an example Control DG section (h). Spatial mapping of NSC
populations inControl andTBI groups in theDG. Coloreddots indicate the location
of single-cell populations indicated in the legend (i). Spatial mapping of NSC-
derived neuronal cells in Control and TBI groups in the DG. Colored dots indicate

the location of single-cell populations indicated in the legend. Pie charts: % locali-
zation ofN-stage 3 cells to the SGZ (orange)or theGL (yellow) (j).Dot plots showing
quantification of N-stage 3 cells in the SGZ (k) or the GL (l), n = 4 Control, n = 5 TBI.
Data are presented as mean values +/− SEM, **P =0.0075 (k), P =0.0030 (l), two-
tailed unpaired t test. Spatial mapping of NSC-derived astrocytic populations in
Control and TBI groups. Colored dots indicate the location of single-cell popula-
tions indicated in the legend. Pie charts: % localization of astrocyticA-stage 1 cells to
the SGZ (green) or the Hilus (blue) (m). Dot plots showing the quantification of
A-stage 1 cells in the SGZ (n) or the Hilus (o) n = 4 Control, n = 5 TBI. Data are
presented as mean values +/− SEM, **P =0.0088 (n), P =0.0043 (o), two-tailed
unpaired t test. Spatialmapping ofGfap+ astrocytes in theDG fromControl andTBI
animals (p); dots indicate the location of single cells, with color encoding the
relative intensity of Gfap expression. Spatial representations in (j, m) are repre-
sentative examples of hippocampal slices analyzed to generate the data in
(k, l,n,o). Summary of cell transitions predicted byRNA velocity in the Control and
TBI groups. Black arrows indicate the most probable transitions of NSCs and NSC-
derived cells along neuronal and astrocytic lineages in uninjured AHN; arrow
thickness indicates transitionprobability. Red +: transition promotedbyTBI; Red−:
transition inhibited by TBI. Circular arrows: cell populations with predicted self-
renewal potential (q). Representations of GCL/SGZ/Hilus areas in the DG indicating
the location of NSC-derived neuronal or astrocytic cells determined using MC
spatial transcriptomics in both Control and TBI (r). Source data are provided as a
Source Data file.
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tasks 15 days after controlled cortical impact, concomitant with hip-
pocampal astrogliosis, indicated by increased GFAP expression and an
increase in immature neurons (DCX+cells)57–61. Newneuronsbornafter
TBI presented morphological alterations in the DG, including changes
in dendritic shape andnumbers of dendritic spines, indicating changes
in neuronal integration62,63. TBI-induced changes in the integration of
newborn neurons corresponded with increased NSC proliferation in
the DG, increased progenitor and immature neuron numbers, and
impairment in spatial memory.

In an attempt to understand the molecular changes elicited by
moderate TBI in the AHN niche, we performed scRNA‐seq, as this has
proved a powerful tool to molecularly profile (rare) cell populations
and how they change over developmental time, or in response to
injury64. We performed these experiments using GFP+ cells from
Nestin-GFP mice, which express the fluorescent marker in NSCs, their
progeny, and several other cell types within the niche25,28. Using pre-
viously reported cell-type markers, we were able to identify 10 cell
clusters representing the major cell types expected in the DG: NSCs,
neuronal and astrocytic cells, oligodendrocyte precursors and other
less abundant cell populations, in agreement with previous studies27,28.
Following this first analysis, extraction of progenitors, astrocyte-like
and neuron-like cells, followed by reclustering and pseudotime-based
lineage tracing65, identified two specific cell lineages within the anno-
tated cell populations. Six neuronal cell populations (N-stage 1–6) fit-
ted a lineage trajectory that initiated from three NSC populations (RG-
like, NSC-stage 1 and 2), strongly suggesting they derive from them. An
additional neuronal cell population (N-stage 7) did not fit within this
lineage, suggesting a different origin, compatible with its lack of Prox1
expression, a marker of granule cell identity in the DG66. Interestingly,
four astrocytic cell populations (A-stage 1–4) fitted in a separate line-
age trajectory, which also included RG-like, NSC-1 and NSC-2 cells,
indicating they also likely originate from these NSCs. In addition, we
found three astrocytic cell populations (A-stage 5–7) that did not fit
within this trajectory, similarly suggesting a different origin. The three
potential NSC populations we observed expressed Ascl1, Vim, Hes5,
and Id4, although the levels of these four markers were lower in NSC-
stage 1 cells. Indeed, recent studies have identified populations of DG
NSCs characterized by the differential expression of the pro-activation
factor Ascl1 and the inhibitor of DNA binding protein Id429,35,67, indi-
cating our NSC classification is consistent with earlier findings. This
view is further reinforced both by Gene Ontology analysis, which
confirmed that our NSC populations show high proliferative potential,
and RNA velocity analysis which confirmed that the neuronal and
astrocytic lineages described by our sequencing data are tran-
scriptionally derived from these NSC populations.

Interestingly, in a previous study37 Batiuk, Martirosyan, and col-
leagues identified two putative astrocyte populations, AST4 and AST5,
which they proposed to represent a population of hippocampal NSCs
or progenitor cells and a rare intermediate progenitor, respectively.
This is consistent with the location of AST4 predominantly to the
subgranular zone of the hippocampus and AST5 distributed between
both cortex and hippocampus. Although it is difficult to compare cell
types identified across different scRNA-seq studies, due to technical
differences in cell-type isolation, we attempted to make a comparison
of our data with their study using an integrated analysis of hierarchical
clustering, pseudotime profiles and GO functional annotations. This
analysis revealed that AST4 clustered closely with RGL, NSC-stage-1
and NSC-stage-2 cells with pseudotime lineage analysis revealing a
distribution of AST4 cells along this developmental trajectory. Fur-
thermore, GO analysis of the genes expressed in AST4 revealed several
biological pathways associated with translation as also over-
represented in RGL, NSC-stage1 and NSC-stage2. Therefore, our ana-
lysis strongly supports the hypothesis that AST4 represents
hippocampal NSCs. Despite this strong concordance between studies,
we found that the RGL, NSC-stage-1 and NSC-stage-2 populations also

express the proliferation marker Mki67. Therefore, we consider these
cells to be actively proliferative at the time animals were sacrificed,
consistent with the specific capture of cells expressing GFP at high
levels, which were previously shown to be proliferative stem cells25. In
contrast, Batiuk, Martirosyan and colleagues reported that genes
involved in mitosis and cell cycle control were overrepresented in
AST4, suggesting some NSC astrocytic populations may retain pro-
liferative potential in the absence of active proliferation. Taking into
account thedifferences between the twostudies,we consider themost
parsimonious explanation for this discrepancy lies in the methods
used for cell isolation. While the current study is biased towards the
recovery of actively proliferating stem cells, Batiuk, Martirosyan and
colleagues immunoisolated cells by targeting the astrocyte-specific
cell surface marker ATP1B253. This protein appears largely absent, or
expressed at low levels, in RGL, NSC-stage-1 and NSC-stage-2 cells,
consistent with the low number of AST4 cells recovered in the original
study. When combined with the fact that most NSCs in adult mice are
not cycling68, wefind it highly likely that fewactively proliferatingNSCs
were sequenced by Batiuk, Martirosyan and colleagues, which, when
combined with the data filtering/thresholding common in single-cell
data processing, would explain the relative lack of proliferation mar-
kers, such as Mki67, assigned to AST4.

Crucially, we were able to confirm the sequencing data using
RNAscope in situ hybridization to detect NSC-derived cell populations.
For our initial assessment, we focusedon cells of the astrocytic lineage,
as they represent a minority of NSC progeny, and are far less char-
acterized in the literature than their neuronal counterparts14,55. Speci-
fically, we validated the presence of A-stage 1, 2, and 4 cells. We
observed A-stage-1 and 2 cells to be present mainly in the SGZ, an
acknowledged anatomical location for NSCs and their immature pro-
geny in physiological conditions14,69.

Our data support the conclusion that TBI produces no change in
the developmental linages of NSC-derived neuron and astrocytes. This
is in direct contrast to reports of unique cell populations associated
with the development of neurodegenerative diseases such as
Alzheimer’s70 andHuntington’s71, including the appearance ofmultiple
populations of reactive astrocytes characterized by GFAP upregula-
tion. Although these are chronic neurodegenerative diseases in which
changes in cell identity may well occur over years in a non-
synchronous manner, large changes in cell identity were also repor-
ted on the shorter time-scale of experimental autoimmune encepha-
lomyelitis induction in mice72, suggesting that responses to injury and
disease development depend on a combination of initial cellular
identity, cell-autonomous injury response and insult-mediated chan-
ges in the tissue (micro)environment73. Indeed, TBI-induced changes in
NSCs appear subtle, with the major effects appearing to be on the
relative abundance of NSC-derived neuronal and astrocytic cells. We
found that TBI resulted in an increase in the abundanceof NSC-derived
neuronal populations N-stage 1–5 cells. Concomitantly, TBI resulted in
a decreased abundance of the NSC-derived astrocytic populations
A-stage 1, 2, and 4, without seeming to have any effect on the abun-
dance of A-stage 3 cells. These observations suggest a concerted effect
of TBI on NSC-derived cell populations, possibly promoting neuro-
genesis at the cost of astrogliogenesis. Supporting this conclusion,
RNA velocity analysis indicates that TBI likely alteres the fate of RG-like
cells, increasing their probability to transition to N-stage 1 cells and
decreasing their probability to transition to A-stage 1 cells. Interest-
ingly, NSC-stage 2 cells also showed an increased probability of tran-
sitioning to N-stage 1, while NSC-stage 1 cells showed an increased
probability of transitioning to NSC-stage 2 cells. These observations
are consistent with an increase in neurogenesis in response to TBI.
Further supporting this conclusion, N-stage 1 cells showed an
increased probability of transitioning to more differentiated neuronal
states—specifically N-stage 2. As N-stage 2 cells express neuroblast
markers, such as DCX, this observation is compatible with an increase
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in immature neuronal cells induced by TBI in the DG, which we also
observe using immunohistochemical detection of DCX. Overall, RNA
velocity predicts an increased progression of progenitors along the
neurogenic lineage at the apparent expense of astrogliogenesis fol-
lowing TBI. In addition, RNA velocity predicted “back flow” transitions
amongst cells in the astrocytic lineage, irrespective of experimental
groups. Interestingly, several studies have showed astrocyte dediffer-
entiation towards immature cells with NSC potential as a response
to gliosis, inflammation and injury conditions, and surgery and
anesthesia74–76. These studies demonstrate a tendency of injury and
disease to induce (mature) astrocytes to proliferate and dediffer-
entiate, acquiring certain properties of progenitor cells, while
remaining in the glial cell lineage73,77. Whether this response is initiated
in animals receiving control craniotomies as a response to the anes-
thesia and/or surgery76, or the dissociation procedure used to produce
the single-cell suspension78 is unclear at present. Crucially, however,
TBI does produce a detectable and distinct response: by favoring the
A-stage 4 to A-stage 3 transition, at the expense of A-stage 3 and
A-stage 4 transitions to A-stage 2, TBI appears to buffer the overall
astrocytic loss across the lineage for this particular population, con-
sistent with our observations that A-stage 3 was the only cell popula-
tion not numerically affected by TBI, and our DEG analysis indicating
that TBI affected the differentiation status of this population. This
is in line with injury and disease-producing unique responses in
astrocytes73. However, our in silico predictions require experimental
confirmation and follow up to understand their biological relevance.

NSC proliferation and neurogenesis, induced by physiological
stimuli such as running, are uncoupled from NSC-derived
astrogliogenesis14. According to this model, TBI would be predicted
to increase neurogenesis without affecting astrogliogenesis. However,
contrary to this prediction, our results favor a model where NSC-
derived astrogenesis is disfavored following moderate TBI, and
increased astrogliosis in the DG results from the local proliferation of
mature astrocytes, indicating that these two processes are differen-
tially regulated. We can only speculate about the consequences of
these changes for local tissue homeostasis at the AHN niche, but the
DG is populated by multiple astrocyte subclasses, showing hetero-
geneity in molecular, morphological, and physiological properties.
Importantly, astrocyte populations reside in distinct areas of the DG,
indicating location-specific functions and interactions with local cel-
lular environments, suggesting that subtle changes in the number and
location of astrocytes likely impact DG function79.

Our analyses of DEGs in specific cell populations indicate that
A-stage 3 is the populationmost affected by TBI in terms of changes in
cell function. In terms of individual genes affected by TBI Ppp1r14b is
upregulated following TBI in NSCs (RG-like, NSC-stage 1, NSC-stage 2),
astrocytic (A-stage 3), and neuronal (N-stage 1–4) cell populations.
Ppp1r14b is a gene associatedwith proliferation andmigration in other
cell types80. Ppp1r14b is upregulated in hippocampal NSCs after kainic
acid administration, an experimental condition that induces patholo-
gical NSC proliferation, and Ppp1r14b is a validated target of micro-
RNA-137, which prevents the kainic acid-induced loss of RG-like NSCs
associated with hyperproliferation in the DG53,81,82. Taken together,
these observations suggest that Ppp1r14b-mediated pathways may be
involved in pathological activation of NSCs and migration of some of
the populations that derive from them. However, the role of Ppp1r14b
and many other of the DEGs in hippocampal NSCs and their progeny
remains unknown, warranting future studies to characterize its func-
tion(s) in detail in the context of TBI. Overall, we have predicted cel-
lular functions that may have been affected by TBI, based on DEG
analysis. These predictions require further validation, possibly by
examining protein levels and investigating gene functions in specific
cell types using Cre/lox-based approaches.

To better understand the effects of TBI on the spatial organization
of identified cell types within the DG, we turned to spatial

transcriptomics83. Using Molecular Cartography and a multimodal
reference mapping of our scRNA-seq dataset, we were able to localize
17 cell populations that were initially annotated from the scRNA-seq
dataset, to their location within the DG. Focusing on 13 populations,
which represented NSCs and their progeny, we assigned cell popula-
tions to different anatomical locations in the AHN niche, and found
that N-stage 3 and A-stage 1 cells, which represent two early cell
populations from the NSC-derived neuronal and astrocytic lineages
respectively, were misplaced in the DG of mice subjected to TBI. The
alterations in the anatomical location of N-stage 3 cells is compatible
with the increase in DCX+ cells observed with immunohistochemistry
following TBI, and supported by our RNA velocity analysis. Changes in
immature neuronal cell location impacts on their circuit integration, as
they need to be physically adjacent to coordinate their lateral
migration49. This suggests thatN-stage 3 cells are related to the ectopic
neurons that have been observed after TBI in the DG84. Although
previous studies have shown that astrocytic cells are generated in low
numbers fromNSCs in theAHNniche14,35,molecularly distinct, spatially
organized astrocyte populations appear to support local functions in
the hippocampus37,79,85.

Recent observations have shown that physiological stimuli, such
as running, stimulate adult NSC-derived neurogenesis without
affecting astrogliogenesis14. In contrast, we show here that patholo-
gical insults, such as TBI, may stimulate adult NSC-derived neuro-
genesis at the expense of astrogliogenesis, highlighting the
importance of assessing the balance of these processes in the AHN
following pathological insults. In particular, our studies using RNA
velocity and Molecular Cartography identified a transition limited
progression through A-stage 1 as a major effect of TBI on NSC-
derived astrocytematuration in theDG. Astrocytes are key regulators
of cell-cell interaction in the hippocampus, supporting critical
aspects of circuit function from initial synapse assembly and pruning,
through to control of local homeostasis and modulation of synaptic
transmission86. In particular, astrocyte dysfunction following TBI
affects the metabolic support of neurons87 and hilar astrocytes con-
tribute GABAergic inhibition of hippocampal dentate granule cells88.
Moreover, neuronal rearrangements take place in the hilus after TBI,
wheremossy cells are sensitive and becomehyperexcitable following
injury89,90. Although it is tempting to speculate that the numerical and
spatial changes in specific NSC-derived astrocytic populations may
contribute to deficient metabolic support in the DG after TBI, future
studies should clarify the functional relevance of these cell sub-
populations. Our observation of hilar astrocytosis by immunohis-
tochemistry and spatial transcriptomic detection of GFAP raises the
interesting question how this could be compatible with decreased
NSC-derived astrogliogenesis. Recent observations have demon-
strated that local proliferation of mature astrocytes is a central
contributor to lifelong astrogliogenesis in the dentate gyrus14,91. Such
phenomenon could explain hilar astrocytosis even when NSC-
derived astrogliogenesis is inhibited by TBI. Indeed, we observed
clusters ofmature (S100B + ) proliferative astrocytes in the hilus after
TBI, indicating that local astrocyte proliferation and NSC-derived
astrogliogenesis can be differentially regulated by TBI, and therefore
they may contribute distinctly to astrocyte dynamics and hippo-
campal plasticity. It is unlikely that these astrocytes arose via NSC-
derived astrogliogenesis, because they did not express Nestin-GFP
and it takes approximately a month for NSCs to differentiate into
S100B-expressing astrocytes13. Hence, our data indicate that the local
proliferation of mature astrocytes and NSC-derived astrogliogenesis
may contribute distinctly to astrocyte dynamics and hippocampal
plasticity.

Overall, based on the results we describe, we propose amodel for
the effects of TBI on NSCs and the cell populations that derive from
them in the AHN, which incorporates our key findings of changes in
cell fate specification and differentiation and cell position (Fig. 5q, r).
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Arguably, our work has some technical and conceptual limita-
tions. Previous studies on the response of NSCs in the DG to TBI have
delivered inconsistent observations regarding the degree to which
neurogenesis is modified24. However, the direction of the change is
disputed60, with some studies reporting a decrease92,93 and other stu-
dies an increase94–96. These discrepancies may be explained by varia-
tions in the use of different TBI models and experimental design. A
previous study using CCI to investigate the effect of injury severity,
concluded that moderate TBI promoted NSC proliferation without
increasing neurogenesis, as measured by the number of DCX+ cells in
the DG two weeks after injury24. In contrast, we observed a significant
increase in DCX+ cells, although we used different injury induction
parameters. According to a recent effort to standardize CCI para-
meters across different laboratories, the TBI that we induced can be
defined as moderate21. This definition is compatible with our obser-
vation of an impairment in hippocampal-dependent learning in the
Morris water maze, concomitant with an increase in neurogenesis21,24

and defects in cell positioning and circuit integration. Regarding
possible implications for TBI in humans, CCI only mimics certain
aspects of human TBI. Specifically, mild, moderate or severe TBI are
clinically defined in humans based on loss of consciousness, altera-
tions in mental states, post-traumatic amnesia or coma at different
times post-TBI, some of which are not considered in rodent models21.

While the presenceof adult hippocampal neurogenesis in humans
has been recently debated97,98, its impairment in older adults may play
a role in neurodegenerative diseases, such as Alzheimers’99–102. An
actionable roadmap towards a better understanding of the role ofAHN
in Alzheimers’, and possibly other neurodegenerative diseases asso-
ciated with TBI such as Chronic Traumatic Encephalopathy, has been
recently proposed103. Importantly, outside of the hippocampus, TBI
induces the expression of NSC markers in individual cells of the peri-
lesional human cortex, suggesting that TBI may induce neurogenesis
in the human brain104.

In conclusion, the molecular and cellular changes we describe
here in mouse may well help us to better understand the changes
induced by TBI in the hippocampus of TBI patients, possibly opening
up new targets for diagnosis, prevention and treatment of neurode-
generative diseases.

Methods
Animals
All animal procedures were approved by the commission for Animal
Welfare at the University of Amsterdam (animal protocol CCD 4925)
and/or KU Leuven (animal protocol 082/2018) and were performed
according to the guidelines and regulations of the European Union for
theuseof animals for scientificpurposes and theARRIVEguidelines for
reporting animal research105. Eight-week-old male Nestin-GFP+/− male
mice25 (available from the Jackson Laboratory as STOCK Tg(Nes-EGFP)
33Enik/J), or C57/Bl6J (wild-type) male mice were used in our experi-
ments. All mice were bred in house and housed in groups of 3–4 ani-
mals per cage throughout the experiment under a 12-h light/dark cycle
(lights on at 08.00 AM) in a temperature and humidity-controlled
room (21 °C, 50%) with ad libitum access to food and water. All mice
were randomly assigned to experimental groups, and the sample size
was based on previous work20,106. We did not consider sex in our study
design and deliberately have used male mice only as sex and gonadal
hormones have been shownbefore to influenceastrogliosis after TBI in
mice, indicating that the inclusion of both sexes in experimental
groups could increase experimental variability107,108. We do not we
make any claims as to whether our results are equally applicable to
females.

Controlled cortical impact
A controlled cortical impact model was used to induce a traumatic
brain injury20. In brief, mice were placed in a stereotaxic frame and

anesthetized using 2% isoflurane throughout the surgery. A cra-
niotomy was performed, creating a 4mm window along the skull
sutures from bregma to lambda (2.5mm posterior to and 2.5mm lat-
eral to the midline suture) over the left hemisphere. The skull cap was
removed without damaging the dura. A 3mm rounded stainless-steel
impact piston was placed at an ~20-degree angle directly in contact
with the surface of the dura, as determined using the zero-point con-
tact sensor and a controlled impact was delivered using a Leica Impact
One™ Stereotaxic Impactor (Meyer Instruments) with the following
settings: 1mm impact depth, 5.50m/s velocity, dwell time 300ms.
After the impact, the skull bone was placed back and glued in place
using medical-grade Superglue. The skin was stitched to close the
wound and animals were allowed to recover on a 37 °C heat pad until
fully awake.

Behavioral testing
The effects of TBI on spatial learning were assessed 15 days after CCI
using the Morris water maze test109. Briefly, the acquisition phase
consisted of two training trials per day with an inter-trial-interval of
10min during five consecutive days, starting at day 15 post CCI. During
the acquisition phase, the platform was hidden in the NW-quadrant of
the pool one cm below the water surface. On day seven, the platform
was removed from the pool for a single probe trial, in which the time
spent in the target quadrant was recorded. Behavior was recorded by a
video camera connected to a computer with Ethovision software
(Noldus, The Netherlands) for analysis, and alsomanually scored by an
experimenter that was blind to the condition of the animals. Escape
latency to platform and time spent in the target quadrant were
quantified.

Euthanasia and tissue extraction
Mice were sacrificed 15 days post-TBI or control craniotomy. Mice
destined for immunohistochemistry were sacrificed by an overdose of
Euthasol (pentobarbital sodium and phenytoin sodium), followed by
intracardial perfusion fixation with ice-cold PBS, followed by 4% PFA.
The brains were isolated and stored in PBS until further use. Mice
destined for single-cell experiments were sacrificed by rapid decap-
itation, after which brains were removed and the dentate gyri micro-
dissected ready for dissociation. Mice destined for experiments using
either RNAscope or Molecular Cartography were sacrificed by rapid
decapitation, after which the brains were removed and directly pro-
cessed, according to the manufacturer’s protocols.

5-Bromo-2′-deoxyuridine (BrdU) administration
BrdU administration was performed after CCI or control craniotomy81.
BrdU (Sigma, St Louis, MO, USA, cat #B5002-1G) was diluted in sterile
saline and administered through intraperitoneal injections at 150mg/
kg concentration (15mg/ml of BrdU was diluted in sterile phosphate-
buffered saline (PBS) with 0.01 N sodium hydroxide (1% of the total
solution).Mice received 4 injections at 16, 24, 40, and48 h after the TBI
control craniotomy. Mice were sacrificed 15 days post-surgery.

Retrovirus production and retrovirus-GFP labeling of
newborn cells
Newborn cells in theDGwere labeledusing a retroviral vector (RV-GFP)
injections26. HEK293T cells (CRL-3216 cell line obtained from the
American Type Culture Collection, tested for mycoplasma infection
using MycoAlert® Mycoplasma Detection Kit, LONZA LT07-118) were
co-transfected with pCAG-GFP, pCMV-GP, and pCMV-VSV-G plasmids
using calcium-phosphate precipitation in a 3:2:1 ratio. The media
containing retrovirus was collected 48 h after transfection. Cell debris
was removed from the supernatant by centrifugation at 3200×g for
10min and filtration through a 0.22-μm filter (MCE membrane filter
Millipore, Sigma-Aldrich). The retrovirus was concentrated by ultra-
centrifugation at 160,000 × g for 2 h (Sorvall WX Ultracentrifuge and
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SureSpin 630 swinging bucket rotor; Thermo Fisher Scientific, Wal-
tham, MA, USA). The retroviral pellet was resuspended in 200μl
phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA),
aliquoted and stored at −80 °C. The titer was at 7.0 × 109 particles/ml.
In total, 400 nl of this RV-GFP suspension were stereotactically injec-
ted into the DG of wild-type mice (anterior-posterior: −1.7mm, latero-
lateral: −1.6mm, dorsal-ventral: −1.9) immediately before TBI or Con-
trol craniotomy. Following surgery, mice were placed on a warm pad
and allowed to recover. Mice were sacrificed 15 days post-injection.
GFP signal was detected in tissue sections using an anti-GFP antibody.

Immunohistochemistry and image acquisition for BrdU and RV-
GFP quantification
Experiments were performed following methods optimized for use in
transgenic mice11,13,110. Animals were deeply anesthetized using 2%
isoflurane and were subjected to transcardial perfusion with 25ml of
PBS followed by 30ml of 4% (w/v) paraformaldehyde in PBS, pH 7.4.
The brains were removed and post-fixed, with the same fixative solu-
tion, for 3 h at room temperature, then transferred to PBS and kept at
4 °C. Quantitative analysis of cell populations in transgenic mice was
performed by means of design-based (assumption-free, unbiased)
stereology using a modified optical fractionator sampling scheme as
previously described110. Sliceswere collected using systematic-random
sampling. The right hemisphere was selected per animal. The hemi-
sphere was sliced sagittally in a lateral-to-medial direction, from the
beginning of the lateral ventricle to the middle line, thus including the
entire DG. In all, 50-μm slices (cut using a Leica VT 1200 S vibrating
blademicrotome, LeicaMicrosystemsGmbH,Wetzlar, Germany) were
collected in six parallel sets, each set consisting of 12 slices, each slice
300 μm apart from the next. The sections were incubated with
blocking and permeabilization solution (PBS containing 0.25% Triton
X-100 and 3% BSA) for 3 h at room temperature, and then incubated
overnight with the primary antibodies (diluted in the same solution) at
4 °C. After thorough washing with PBS, the sections were incubated
with fluorochrome-conjugated secondary antibodies diluted in the
blocking and permeabilization solution for 3 h at room temperature.
After washing with PBS, the sections were mounted on gelatin-coated
slides with DakoCytomation Fluorescent Mounting Medium (Dako-
Cytomation, Carpinteria, CA). Sections used for the analysis of BrdU
incorporation were treated, before the immunostaining procedure,
with 2N HCl for 20min at 37 °C, rinsed with PBS, incubated with 0.1M
sodium tetraborate for 10min at room temperature, and then rinsed
with PBS. The GFP signal from Nestin-GFP was detected with an anti-
body against GFP for enhancement and better visualization. The fol-
lowing antibodies were used: chicken anti-GFP (Aves Laboratories,
GFP-1020, 1:1000 dilution); goat anti-GFAP (Abcam Ab53554, 1:1,000
dilution); rabbit anti-S100β (Dako GA50461-2, 1:750 dilution); rat anti-
BrdU (Abcam Ab6326 [BU1/75 (ICR1)], 1:1000 dilution), goat anti-DCX
(Santa Cruz, cat# sc-8066, 1:500 dilution); rabbit anti-Ki67 (Abcam
Ab16667, 1:1000 dilution); AlexaFluor 488 donkey anti-chicken
(Molecular Probes, Thermo Fisher Scientific/Invitrogen, cat #
A78948, 1:500 dilution); AlexaFluor 568 donkey anti-rat (Molecular
Probes, Thermo Fisher Scientific/Invitrogen, cat # A78946, 1:500
dilution); AlexaFluor 647 donkey anti-rabbit (Molecular Probes,
Thermo Fisher Scientific/Invitrogen, cat # A-31573, 1:500 dilution);
AlexaFluor 647 donkey anti-goat (Molecular Probes, Thermo Fisher
Scientific/Invitrogen, cat # A-21447, 1:500 dilution), and DAPI (Sigma,
1:1000 dilution) was used as a counterstain when required. BrdU-
positive cells were categorized with different combinations of anti-
bodies (Nestin-GFP/GFAP; Nestin-GFP/S100β; Nestin-GFP/Mik67). All
fluorescence immunostaining images were collected employing a
Leica SP8 laser-scanning microscope (Leica, Wetzlar, Germany) and a
63× objective (Leica) using the manufacturer’s software (Leica Appli-
cation Software X) following protocols optimized for stereotaxic
quantification andquantitative image analysis13,81. The signal fromeach

fluorochrome was collected sequentially, and controls with sections
stained with single fluorochromes were performed to confirm anti-
body penetration and to exclude the possibility of fluorescence
bleedthrough between acquisition channels. Images of sections from
TBI and Control mice were acquired using identical settings and con-
ditions. All images were imported into Adobe Photoshop 7.0 (Adobe
Systems Incorporated, San Jose, CA) in tiff format. Brightness, con-
trast, and backgroundwere adjusted equally for the entire image using
the “levels” controls from the “image/adjustment” set of options
without any further modification. Al images shown are projections
from z-stacks ranging from 10μm (typically for imaging individual
cells) through to 20μm thickness.

Newborn neuron morphology analysis
The dendritic arbors of RV-GFP-labeled newborn neurons were ana-
lyzed using confocal Z-stack images of GFP + /DCX+ cells in the DG26,111.
Briefly, the number of primary dendrites emerging from the neuron
soma or the presence of a main dendrite bifurcating within the first
10μm from the soma were measured, alongside the spine density per
10-μm dendritic segment in GFP+ secondary or tertiary dendrites.

General immunohistochemistry procedure
PFA-fixed brains were cryoprotected using 30% sucrose and then
sliced into 40 μm-thick slices: every 8th section was taken for
immunostaining, ensuring a 280 nm separation between slices26.
Fluorescence immunohistochemistry was performed following a
standard procedure. Sections were first incubated with blocking and
permeabilization buffer (1× PBS/5% normal goat serum (Cell Signal-
ing, cat #5425)/0.3% TritonX-100) for 30min, followed by incubation
with the primary antibody overnight at 4 °C. Sections were thor-
oughly washed with PBS and subsequently incubated with fluor-
escent secondary antibodies for 2 h at room temperature. After
thorough washing with PBS, tissue slices were mounted on glass
slides and counterstained with Vectashield antifade mounting med-
ium containing DAPI (Vector Laboratories, cat# H-1200-10). The fol-
lowing antibodies were used: rabbit anti-GFAP (Dako, cat# Z0334,
1:10,000 dilution;) in combination with goat anti-rabbit Alexa 568
(Molecular Probes, Thermo Fisher Scientific/Invitrogen, cat # A-1101,
1:500 dilution), goat anti-DCX (Santa Cruz, cat# sc-8066, 1:500
dilution) in combination with donkey anti-goat Alexa 488 (Molecular
Probes, Thermo Fisher/Invitrogen, cat # A-11055, 1:500 dilution).
DAB-based immunohistochemistry for DCX was performed accord-
ing to a standard protocol, as previously described111, using goat anti-
DCX (Santa Cruz, cat# sc-8066, 1:800 dilution) in combination with
donkey anti-goat-biotin (Jackson Immuno Research, cat# 705-065-
147, 1:500 dilution). Nissl staining was performed to counterstain
nuclei using Cresyl Violet26. Total DCX+ cell numbers were assessed
in wild-type (non-transgenic) animals using a stereological
approach112. Gliosis was analyzed by measuring GFAP surface area
coverage in the whole hippocampus using ImageJ53.

RNAscope® fluorescent multiplex in situ hybridization
Based on population-specific RNA-seq gene lists (Supplementary
Data 3), we selected seven target transcripts in a way that their com-
bination would allow us to distinguish cell population along the
astrogenic lineage (Supplementary Fig. 7), despite the limited multi-
plexing capacity of the RNAscope technique37. This resulted in an
inclusion/exclusion strategy in which the detection of some of the
probe targets together with the lack of detection of others was unique
to a cell type. According to this strategy,wedefinedA-stage 1–4 cells as
follows:

A-stage 1 cells (Slc1a3 + , Hapln1−, Neat1 + , Sned1 + , Sparc + ,
Ascl1 + , Frzb + )

A-stage 2 cells (Slc1a3 + , Hapln1−, Neat1 + , Sned1 + , Sparc−/+,
Ascl1−, Frzb−)
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A-stage 3 cells (Slc1a3 + , Hapln1 + , Neat1−/+, Sned1−, Sparc + ,
Ascl1−, Frzb−)

A-stage 4 cells (Slc1a3 + , Hapln1 + , Neat1 + , Sned1 + , Sparc−,
Ascl1−, Frzb−)

where (−) indicates no expression, ( + ) indicates strong expres-
sion, and (−/+) indicates weak expression. Freshly removed brains
from C57/Bl6J mice were directly snap-frozen using liquid nitrogen.
Overall, 16 µm-thick sections containing the hippocampus were cut
using a cryostat and collected directly on Superfrost glass slides. The
following RNAscope® probes were used:

(i) Slc1a3: Mus musculus solute carrier family 1 (glial high-affinity
glutamate transporter) member 3 (Slc1a3) mRNA, RNAscope® HiPlex
Probe - Mm-Slc1a3 (cat# 430781-T9);

(ii) Haplnl: Mus musculus hyaluronan and proteoglycan link pro-
tein 1 (Hapln1) mRNA, RNAscope® HiPlex Probe - Mm-Hapln1-T1 (cat#
448201-T1);

(iii)Neat1:Musmusculusnuclearparaspeckle assembly transcript 1
(Neat1) long non-coding RNA, RNAscope® HiPlex Probe - Mm-Neat1-T7
(cat# 440351-T7);

(iv) Sned1: Mus musculus sushi nidogen and EGF-like domains 1
(Sned1) mRNA, RNAscope® HiPlex Probe - Mm-Sned1-T6 (cat#
418571-T6);

(v) Sparc:Musmusculus secreted acidic cysteine-rich glycoprotein
(Sparc) transcript variant 1 mRNA, RNAscope® HiPlex Probe - Mm-
Sparc-T5Ascl1 (cat# 466781-T5);

(vi) Ascl1: Mus musculus achaete-scute complex homolog 1 (Dro-
sophila) (Ascl1), mRNA, RNAscope® HiPlex Probe - Mm-Ascl1-T3 (cat#
313291-T3);

(vii) Frzb: Mus musculus frizzled-related protein (Frzb), mRNA,
RNAscope® HiPlex Probe - Mm-Frzb-T2 (cat # 404861-T2).

The RNAscope® HiPlex v2 Assay (cat# 324102) was performed
following themanufacturer’s instructions113, and imageswerecollected
on a Zeiss LSM 510 confocal laser-scanning microscope 10×, air,
(N.A:0.3) and 40×, water (N.A: 1.2) objectives. A 10× overview of the
dorsal DG was taken first and 40X Z-stack images with 1 µm intervals
were then produced and analyzed using ImageJ.

Molecular cartography
C57/Bl6J mouse brains were processed according to the manu-
facturer’s protocol. Briefly, the ipsilateral side of the brain was trim-
med to a dimension of maximum 1 cm thickness and immersed in a
proprietary fixative (Resolve BioSciences GmbH, Monheim am Rhein,
Germany), after which brains were placed in a proprietary stabilization
buffer. Brains blocks were then sectioned into 2-mm slices and
immersed in cryo-embedding medium (Resolve BioSciences GmbH,
Monheim am Rhein, Germany), followed by snap-freezing in liquid N2.
In all, 10 µm sections were generated using a cryostat. Samples pro-
cessed in this way were used for highly multiplexed single molecule
in situ hybridization (Molecular Cartography platform) as described
in50. Essentially, five tissue sections from three different animals (TBI)
and four tissue sections from two different animals (Control) were
stained with probes targeting 93 genes defining specific stages along
both the neuronal and astrocyte lineages (Supplementary data 10).
Tissue sections were counterstained with DAPI to allow cell identifi-
cation through nuclear segmentation. Nine tissue sections were
imaged and data files generated containing the x–y co-ordinates of
each transcript detected. These images were processed by QuPath
0.2.3 software to segment single cells from the granule layer of the
dentate gyrus (DG) (subdivided in GL1 and GL2), subgranular zone
(SGZ) and hilus53, based on the DAPI signal (using QuPath’s cell
detection algorithm with the parameters indicated in Supplementary
Data 11). Co-ordinates for segmented nuclei were transferred to ImageJ
2.0.0-rc-43/1.52n, and the transcript count per nucleus was extracted
using the Polylux_V1.6.1 ImageJ plugin, developed by Resolve
Biosciences.

Preparation of single-cell suspensions
Single-cell suspensions were prepared from individual microdissected
ipsilateral dentate gyri (5–6 animals per experimental condition), using
a neural tissue dissociation kit (Miltenyi Biotech), according to the
manufacturer’s protocol. Enzymatic digestion was followed bymanual
dissociation using first a P1000 pipet tip, followed by further dis-
sociation using a P200 pipet tip. After the final round of mechanical
dissociation, the suspensions were filtered using a 40-µm cell strainer
and collected in HBSS containing RNase inhibitor. Individual cell pre-
parations were pooled by condition, and centrifuged at 300×gAv for
12min, after which the cell pellet was resuspended in PBS contain-
ing 0.5% FBS.

Fluorescence-activated cell sorting
GFP-positive cells were isolated from the dentate gyrus of Nestin-GFP
mice using fluorescence-activated cell sorting (FACS) with a BD FAC-
SAria™ III Cell Sorter. Propidium iodide (PI) was added to the single-cell
suspension to discriminate between live and dead cells. In a first step,
doublets and cell debris were removed based on forward and side
scatter. Dead cells were then removed based on PI staining, after which
the single-cell suspension was sorted into GFP-positive and negative
populations based on the intrinsic GFP signal recorded in the FITC
channel (Supplementary Fig. 1). GFP-positive populations were sorted
and collected in PBS containing FBS. Cell concentration was adjusted
to 1000 cells/µL. Other studies have used similar strategies in which
specific NSC populations are labeled with fluorescent proteins con-
trolled by different cell-type-specific promoters29,114.

Library preparation
Single-cell suspensions were prepared from microdissected DGs
obtained from 8-week-old Nestin-GFP mice, using Control=5 and
TBI = 6 animalsper condition. Librarypreparations for scRNA-seqwere
performed using a 10X Genomics Chromium Single Cell 3’ Kit, v3 (10X
Genomics, Pleasanton, CA, USA). The cell count and the viability of the
samples were assessed using a LUNA dual fluorescence cell counter
(Logos Biosystems), and a targeted cell recovery of 6000 cells per
sample was aimed for. Post-cell counting and QC, the samples were
immediately loaded onto a Chromium Controller. Single-cell RNA-seq
libraries were prepared according to the manufacturer’s recom-
mended protocol (Single cell 3’ reagent kits v3 user guide; CG00052
Rev B), with library quality checked at all indicated protocol points
using a Qubit to measure cDNA concentration (Thermo Fisher) and
Bioanalyzer (Agilent) to measure cDNA quality. Single-cell libraries
were sequenced on either an Illumina NovaSeq 6000 or HiSeq4000
platform using a paired-end sequencing workflow with the recom-
mended 10X v3 read parameters (28-8-0-91 cycles). We aimed for a
sequencing coverage of 50,000 reads per cell.

SC data preprocessing and clustering analysis
Data were demultiplexed and mapped using a standard CellRanger
3.0.2 workflow making use of the UCSC mouse genome GRCm38/
mm10 assembly and refdata-cellranger-mm10-3.0.0 reference dataset.
Libraries having low or high RNA content were removed to exclude
cells with degraded RNA or potential cell doublets, respectively.
Clustering analysis was done using the R Seurat_3.2.0 package34 using
the standard workflow. Malat1 was excluded from the analysis, since
many reads mapped to it, creating an artificial peak. Datasets were
normalized by the global-scaling normalization function LogNorma-
lize. Variable features were found using the FindVariableFeatures
default variance stabilizing transformation (vst) method, by fitting
log(variance) and log(mean) using local polynomial regression (loess).
Canonical Correlation Analysis (CCA) was performed for the integra-
tion of anchors by FindIntegrationAnchors on 20 CCA dimensions and
IntegrateData on the top 20 CCAs. The integrated data was scaled and
centered using the ScaleData function on all transcripts. Principal
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Component Analysis (PCA) on the resulting data was performed using
30 dimensions. A resampling Jackstrow test was performed to assess
the significance of PCA components. The percentage of variance
explained by each PCAwas saturating at number 20. Therefore, the 20
most significant PCs were selected for UMAP reduction using RunU-
MAP, FindNeighbors and FindClusters functions. Except for the number
of PCA components, no other default parameters were changed in
these functions. Sub-clustering was done using the same procedure,
except thatonly cells belonging to the astrocytic andneuronal lineages
(including NSC and progenitor cells) were used (taking into account
the top 30 CCA and top 16 PCA dimensions). The resolution of the
initial high-level cell-type clustering was set to 3.0, and when reclus-
tering data it was set to 0.8.

Population enrichment analysis
The significance of population enrichment by TBI or Control samples
was tested with a two-sided binomial test, using the R base binom.test
function. The probability of success was set to represent the propor-
tion of sequenced cells originating from the TBI samples against the
whole database (62.96% for the higher-order clustering (Fig. 2c) and
57.39% in the case of the pseudotime analysis (Fig. 2f).

Differential expression analysis
After reclustering, astrocyte and neuron data went through an addi-
tional round of SCT normalization, performed using the Seurat
SCTransform function with default parameters, to regress out noise
arising from mitochondrial genes. Differential gene expression analy-
sis to detect cell-type-specific markers (Supplementary Data 3) was
performed on the SCT normalized data using the Seurat FindMarkers
function, using a 0.25 threshold on the ln-fold expression difference
and requiring a minimum of 25% of the cells in a given population to
express the marker gene. The significance of each marker was calcu-
lated using a Wilcoxon rank sum test and corrected using the Bon-
ferroni method. To detect differentially expressed genes between
equivalent cell populations identified in Control and TBI conditions,
MAST tests were performed (using an extension in the Seurat Find-
Markers function) with subsequent Bonferroni correction (Supple-
mentary Data 7). Genes were taken to be differentially expressed
(DEGs) if they showed at least a 0.2 ln-fold change in aminimumof 25%
of cells within a given population.

Integration of the scRNA-seq and spatial data
Spatial and single-cell data were integrated in order to find matching
populations. For this purpose, all the extracted spatial data was
merged with the single-cell data, using the R Seurat_3.2.0 package
anchor-integrationmethod. Prior to integration, spatial and single-cell
datasets were separately log-normalized and variable features for each
were identified, using LogNormalize and FindVariableFeatures with vst
methods, respectively. Next, integration anchorswere found using the
FindIntegrationAnchors function, using 8 dimensions of CCA reduc-
tion. Next, the two databases were merged using the IntegrateData
function, using 8 CCA dimensions. Finally, the integrated data was
scaled; PCA and PCA-based UMAP analysis were performed on 8 PCA
dimensions using RunPCA, RunUMAP, FindNeighbors and FindClusters
functions with resolution set to 1 and all other parameters set to
default. Clouds representing only the spatial data were identified.
These clusters are either driven by technical factors or represent
mature cells (not present in the single-cell database) and were, there-
fore, removed before the integration method described above was
repeated using the following parameters: 10 CCA, 10 PCA, and 0.8
clustering resolution.

Pseudotime analysis
Lineages were constructed using the Monocle v3_1.0.0 R package36,
using the cluster_cells, learn_graph, and order_cells functions with

default parameters, based on clustering obtained using the UMAP
dimensionality reduction method and the integrated normalized
expression matrix in Seurat. NSC-like populations (NSC-stage-1,
NSC-stage2, and RG-like populations from the 10x scRNA dataset
and clusters 7–8 from the integrated spatial and scRNA datasets)
were used as the root from which developmental pathways were
developed. N-stage 7 cells and A-stage 5–7 cells clustered separately
in UMAP space, indicating that they likely represent non-NSC-
derived lineages. Therefore, they were excluded from pseudotime
analysis.

Pathway analysis
Gene enrichment and functional annotation analyses of cell
population-specific differentially expressed (up/downregulated)
genes were performed using GO and KEGG databases accessed
through clusterProfiler version 3.18.1115. First, an unbiased analysis was
performed to report all the KEGG pathways/GO terms related to the
gene list of interest. This was followed by sorting based on the fol-
lowing keywords: ‘Synapse’, ‘Axon’, ‘Neuron’, ‘Nervous’, ‘Glia’, ‘Astrocyte’,
‘Microglia’, ‘Injury’, ‘Growth’, ‘Tnf’, ‘Neuro’, ‘Age’, ‘Myelin’, ‘Sheath’, ‘Reac-
tive’, ‘Ion’, ‘Proliferation’, ‘Genesis’, ‘Development’, ‘Morphology’, ‘Forma-
tion’, ‘Circuit’, ‘Axonogenesis’. The corresponding outputs for the biased
and unbiased analysis are reported in Supplementary Data 4 and 5 (for
marker genes), Supplementary Data 8 and 9 (for up or downregulated
genes in TBI) log fold change >0.2 and adjusted P value < 0.05.

RNA velocity analysis
Analysis was performedon the R velocyto.R_0.6 package, using spliced
and unspliced RNA counts obtained through the standard run10x
workflow using the gRCm38/mm10 genome. UMAP embedding space
was imported from the respective Seurat clustering analysis. RNA
velocity was calculated for Control and TBI separately, after removing
the N-stage 7 and A-stage 5, 6, and 7 populations. The following
workflow was implemented:

Step 1. RunVelocity function was used with default parameters, except
spliced.average =0.5, fit.quantile =0.02, kCells = 20 to obtain “current”
and “deltaE” matrices.

Step 2. The “current” and “deltaE”matrices from step 1, and the UMAP
embeddings from clustering analysis, were used in the show.veloci-
ty.on.embedding.cor function to obtain “tp” (transition probability
matrix), “cc” (velocity-correlation matrix) and RNA Velocity on
embeddings. All parameters were used with default settings, except
the neighborhood size which is reported in Supplementary Data 12.

Step 3. For every population, the mean transition probability to each
of its neighbors was calculated, using the show.velocity.o-
n.embedding.cor function, where emb represented the UMAP embed-
dings of the clustering analysis (Fig. 2d) and vel represented the list of
“current” and “deltaE” matrices (step 1) for the subpopulation under
consideration. The neighborhood size, n, was set according to the
number of cells in the populations of interest, using aminimumof 300
cells. The velocity-correlation matrix, cc, was obtained from step 2
for the population of interest. Parameter scale = ’sqrt’ was used. The
remaining parameters were used with default settings. The “tp”
matrices obtained after step 3 were used in step 4. These data are
available as Supplementary Data 15.

Step 4. Using “tp” matrices obtained from step 3, box plots were
constructed. Box plots show the median, first quartile (25%), third
quartile (75%) and interquartile range.Whiskers represent dataminima
andmaxima; dots are data points locatedoutside thewhiskers, *marks
a significant difference between Control and TBI, based on indepen-
dent non-parametric two-sided Wilcoxon tests.
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Hierarchical clustering, construction of pseudotime profiles,
and comparative functional annotations for cell populations
Hierarchical clustering. Gene lists for each cell population were
obtained from each study included in the comparisons and a similarity
matrix was constructed to quantitatively represent the degree of
overlap between gene sets. The matrix elements were populated with
the count of common genes between corresponding pairs of studies.
Hierarchical clustering was employed to group studies based on the
similarity matrix using the Hclust function from the stats package
(version 4.1.1) on R version 4.1.1. Clusters within the dendrogram were
identified using the cutree function, specifying the desired number of
clusters. In this analysis, three clusters were defined.

Pseudotime analysis. Pseudotime trajectories were constructed using
R packages Tidyverse (version 1.3.1), Ggpubr (version 0.4.0), and
Ggforce (version 0.4.1) on R version 4.1.1, based on the temporal
ordering of cells reported in refs. 27 and 29. Subsequently, gene lists
from ref. 37 and the current study were overlaid onto their respective
pseudotime trajectories, associating gene expression profiles with
temporal progression.

DAVID functional GO analysis. Gene enrichment and functional
annotation analysis were conducted using the DAVID tool (https://
david.ncifcrf.gov/home.jsp). A stringent threshold of a minimum of
three genes per term and an EASE score of 0.01 were employed.
EnrichedGeneOntology (GO) terms andpathwayswere identified, and
significance was determined by a false discovery rate (FDR)-adjusted
P value < 0.05.

Figure preparation
Figures were prepared using R v3.6.0/v4.1.0, RStudio 1.0.136/1.4.1106/
v4.1.2, Adobe Photoshop CC 2022 version 23.3.2, Adobe Illustrator
2024 version 28.3. GraphPad Prism 10 for macOS version 10.1.1 was
used for all statistical analyses shown in Fig. 1 and Fig. 5j–o. Schemes in
Fig. 5q, r were created with BioRender.com.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA-seq datasets generated during the current study are avail-
able in the Gene Expression Omnibus repository, GEO accession
GSE230942. Spatial transcriptomics datasets can be found at https://
doi.org/10.5281/zenodo.10829090. Source data corresponding to
Figs. 4c–i are available at: https://zenodo.org/records/10829090/files/
AstrocyticAndNeuronalLineage_10x.RData?download=1. Source data
are provided with this paper.

Code availability
Codes are available at https://doi.org/10.5281/zenodo.10777580 and
https://doi.org/10.5281/zenodo.10829090.
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