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Abstract 30 

Moderate Traumatic brain injury (TBI) can result in long-lasting changes in brain function. 31 

Although frequently spared from the acute primary injury, the hippocampus becomes affected 32 

during a secondary phase that takes place hours, or even days, after TBI, contributing to 33 

cognitive deficits. The hippocampus is one of the few brain areas in the adult brain harboring 34 

native neural stem cells (NSCs) that continue to generate new neurons (neurogenesis), and to 35 

a lesser extent new astrocytes (astrogliogenesis). While deregulation of hippocampal NSCs and 36 

neurogenesis have been observed after TBI, very little is known about how TBI may affect 37 

hippocampal astrogliogenesis. 38 

Here, we aimed to assess how TBI affects hippocampal NSCs and their subsequent 39 

commitment to the neuronal or astroglial lineages. Using a controlled cortical impact model of 40 

TBI, single cell RNA sequencing and spatial transcriptomics, we observed a cell population-41 

specific increase in NSC-derived neuronal cells and a decrease in NSC-derived astrocytic cells. 42 

These cellular changes were associated with cell-population specific changes in gene 43 

expression and dysplasia within the dentate gyrus. 44 

Overall, our findings support the conclusion that TBI modifies adult hippocampal NSC fate to 45 

promote neurogenesis at the cost of astrogliogenesis, and highlights specific cell populations 46 

as possible targets to counteract the changes induced by TBI in the hippocampus. 47 

 48 

Keywords 49 

Adult hippocampal neurogenesis, single cell RNA sequencing, spatial transcriptomics, brain 50 

injury, astrocytes.  51 
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Introduction 52 

Traumatic brain injury (TBI) is a major global health problem linked to everyday life events 53 

such as domestic activities, participation in (contact) sports, road accidents and occupational 54 

hazards, in which head trauma causes brain damage (PMID: 35259824). 69 million people 55 

worldwide suffer from TBI annually (PMID 29701556). While TBI-induced brain damage is 56 

the leading cause of death below 45 years of age (PMID: 26903824), nearly half of milder TBI 57 

patients experience some form of long-term cognitive impairment (PMID 24529420) and are 58 

more likely to develop depressive symptoms and neurodegenerative diseases (PMID: 59 

29355429; PMID: 29190146; PMID: 36759368). Despite these devastating consequences for 60 

patients, there is currently a lack of specific therapeutic targets, or effective drug treatments, 61 

for TBI (PMID: 35662186, PMID: 35624914).  62 

Although frequently spared from the acute primary injury, the hippocampus generally becomes 63 

affected during a secondary injury phase, which spreads throughout the brain after the initial 64 

TBI (PMID: 26903824). Importantly, increasing evidence indicates that cognitive dysfunction 65 

after TBI is associated with changes in hippocampal function (PMID: 26903824), that occur 66 

during this secondary phase. The hippocampus is critical for cognition, and also one of the few 67 

areas in the adult brain that harbors native neural stem cells (NSCs), that have been implicated 68 

in cognitive and emotional control (PMID: 29679070). Upon activation, NSCs generate 69 

proliferative progenitor cells and neuroblasts, which give rise to immature dentate granule 70 

neurons (PMID: 16702546). In addition, NSCs generate new astrocytes (astrogliogenesis) 71 

under physiological conditions (pmid 26729510, 21549330, PMID: 35451150, PMID: 72 

35794479). These newly generated neurons and astrocytes persist in a specialized anatomical 73 

location in the subgranular zone of the Dentate Gyrus (DG), termed the adult hippocampus 74 

neurogenesis (AHN) niche (PMID: 10975875, PMID: 26330519, PMID: 10975875).  75 

Although the functional contribution of some of the NSC-derived neuronal cell types within 76 
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the AHN niche has been studied (PMID:24090877, PMID: 16144763), the properties of the 77 

adult NSC-derived astrocytes remain largely uncharacterized (PMID: 35451150). 78 

Here, we aimed to assess in detail how TBI affects NSC fate in the adult hippocampus, leading 79 

to changes in neurogenesis and astrogliogenesis and, consequently, in the relative cellular 80 

composition of the AHN niche. We applied a controlled cortical impact model of TBI (PMID: 81 

35618831) to a transgenic reporter mouse line in which GFP is expressed in individual cells of 82 

the AHN niche (PMID: 14730584; PMID: 31222184), under the control of the neuroepithelial 83 

stem cell protein (Nestin) promoter. The expression of GFP in this mouse line has been 84 

previously used in single cell RNA sequencing (scRNA-seq) studies of the AHN niche to sort 85 

NSCs, neural progenitor and other cell populations, as well as exclude that populations of NSCs 86 

are dominated by astrocytes, due to the otherwise close similarity between the two cell types 87 

(PMID: 26299571; PMID: 29241552, PMID: 29241552, PMID: 33581058). Using scRNA-88 

seq in combination with spatial transcriptomics technology, we show that TBI disturbs the 89 

balance between NSC-driven neuro- and astrogliogenesis, effectively reducing the numbers of 90 

NSC-derived astrocytes, while increasing the numbers of NSC-derived neuronal cells. In 91 

addition, we molecularly characterize several novel cell populations derived from hippocampal 92 

NSCs. Finally, we trace back these cell populations in situ, uncovering significant changes in 93 

the anatomical location of NSC-derived cell populations in the DG after TBI. As such, our 94 

work provides a basis for future investigations of specific cell populations that could serve as 95 

targets to counteract the changes induced by TBI in the hippocampus (PMID: 30254269), and 96 

may help us to better understand the role of NSCs in hippocampus-dependent cognition. 97 

 98 

Results  99 

TBI induced impairments in hippocampus-dependent cognition correlates with cellular 100 

changes in the dentate gyrus. 101 
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First, we characterized cellular changes in the hippocampi of mice subjected to mild-moderate 102 

TBI and how this correlates to changes in hippocampus-dependent cognition. For this, we 103 

compared sham craniotomized mice (Control) and mice subjected to unilateral controlled 104 

cortical impact (TBI). 15 days post-surgery, TBI was found to have induced unilateral 105 

hippocampal astrogliosis, measured as increased GFAP+ cell coverage area (Fig. 1a-d), and 106 

increased neurogenesis as assessed by the numbers of DCX+ cells in the DG (Fig. 1e-g). DCX+ 107 

cells could be further subdivided into 6 categories, according to the presence and shape of their 108 

apical dendrites: A, no processes; B, stubby processes; C, short horizontal processes; D, short 109 

vertical processes oriented to the molecular layer; E, one long vertical dendrite; F, long 110 

branched vertical dendritic tree, as described in (PMID: 17105671). We found a significant 111 

increase in category C and D cells (Fig. 1h), which have been classified largely as early NBs 112 

that express the proliferation marker Mki67 (PMID: 17105671). These cellular changes 113 

correlated with impaired performance in the Morris water maze, a commonly used test for 114 

hippocampal learning and memory. Mice subjected to TBI showed significant deficits in 115 

learning the position of a hidden platform in the test pool (Fig. 1i, j). Together these results 116 

suggest that TBI induced impairments in cognition result from changes in the cellular 117 

architecture of the hippocampus. 118 

 119 

A single cell census of the AHN niche reveals that cell identity is maintained after TBI.   120 

To understand the cellular changes induced by TBI in DG NSC and their progeny in a 121 

comprehensive but unbiased manner we used scRNA-seq. Nestin-GFP mice were divided 122 

randomly into Control and TBI groups. Fifteen days post-surgery, DGs were micro-dissected, 123 

dissociated and single Nesin-GFP+ cells isolated using FACS (in combination with a live/dead 124 

dye to eliminate dead cells) (Fig S1). Cells were then pooled and subjected to scRNA-seq using 125 

the 10X 3’ whole transcriptome analysis workflow. An unbiased integration and clustering 126 
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approach was then applied to the data set (which contained 7791 high-quality cells), using the 127 

Seurat algorithm (PMID: 31178118). We were able to identify 10 cell clusters representing the 128 

expected major cell types of the DG (Fig. 2a, Table S1). Based on the expression levels of 129 

known marker genes, we defined abundant cell clusters containing NSCs (Neurog2+, Hmgn2+, 130 

Sox4+, Sox11+, Mki67+), Radial Glia-like (RG-like) cells (Ascl1+, Ccnd2+, Vim+, Hes5+, 131 

Mki67-), astrocyte-like cells (Slc1a3+, Aqp4+, S100b+, Aldoc+), neuronal-like cells (Neurod1+, 132 

Snap25+, Dcx+), and oligodendrocytes (Oligo) (Mog+, Mag+, Mbp+). In addition, other less 133 

abundant cell populations were identified, such as oligodendrocyte precursor cells (OPCs) 134 

(Pdgfra+, Gpr17+, Mag+), pericytes/mural cells (Des+, Col1a2+), endothelial cells (Pecam1+, 135 

Flt1+) and microglia (Mgl+, CD68+, Cx3CR1+). Crucially, UMAP representation indicated that 136 

TBI does not seem to induce significant changes in the overall cellular identity of the DG (Fig. 137 

2b), although significant alterations in the proportions of various cell types present were 138 

detected (Fig. 2c, Table S1).  139 

 Based on the developmental origin of neurons and astrocytes from radial glia-like NSCs in the 140 

hippocampus (PMID: 33349709, PMID: 35451150), and our own observation of alterations in 141 

both astrocytes and neurons following TBI (Fig. 1), we decided to examine the effects of TBI 142 

on neurogenesis and astrogliogenesis in greater detail. For this, the NSC, RG-like, astrocyte-143 

like and neuronal-like populations were extracted and re-clustering was performed. This 144 

approach revealed several previously unidentified populations (Fig. 2d, Table S2), including 3 145 

clusters with gene expression profiles characteristic of NSCs. These three NSC clusters 146 

expressed known NSC markers (Ascl1, Vim, Hes5, Id4) (Fig. S2), and could be further 147 

differentiated into 3 subgroups, based on marker expression: NSC-stage 1 (expressing Ranbp1, 148 

Ezh2, Nme1), NSC-stage 2 (expressing Eif4g2, Hspa5) and RG-like (expressing Neurog2, Zeb 149 

1) (Fig. 2d; Fig. S3; Table S3). Importantly, NSC-stage 1 and 2 cells robustly expressed the 150 

proliferation marker Mki67, but only few RG-like cells did (Fig. S3; Table S3). To investigate 151 
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the neurogenic and astrogliogenic pathways in more detail, we performed a pseudotime lineage 152 

analysis on the data using the Monocle algorithm (PMID: 30787437), with the identified NSC 153 

populations as the developmental root. Using this methodology, neuronal populations could be 154 

divided in UMAP space into a neuronal lineage which included NSC-stage 1 and 2, RG-like 155 

cells and other clusters that expressed Dcx and NeuroD1, Mdk, Prox1 (N-stage 1-2 cells); 156 

Plxna4, NeuroD2, Prox1 (N-stage 3-4 cells); Tubb2b, Fez1, Prox1 (N-stage 5-6, cells) (Fig S3 157 

and Table S3). N-stage 7 cells, expressing Syt1 and Reln clustered independently from N-stage 158 

1-6 cells in UMAP space, indicating they likely belong to a different lineage not derived from 159 

NSCs (Fig. 2d). Pseudotime analysis also revealed an astrocytic lineage including NSC-stage 160 

1 and 2, RG-like and four astrocytic cell clusters dubbed A-stage 1-4 cells (Fig S3 and Table 161 

S3). A-stage 1 cells expressed NSC markers (Ascl1, Vim, Hes5) and genes commonly 162 

expressed in astrocytic cells (Gfap, Ntrk2, id2), suggesting A-stage 1 cells are immature 163 

astrocytic cells originating from NSCs. A-stage 2 cells did not express the NSC markers Ascl1, 164 

Vim and Hes5, but expressed the astrocytic markers Gfap, Ntrk2 and id2, presumably 165 

representing cells differentiating along the astrocytic lineage. A-stage 3-4 cells expressed Gfap 166 

but differed from A-stage 2 cells by expressing a different set of astrocytic markers, including 167 

Smo, Fgfr3, Dmd and Hes5. A-stage 5-7 cells clustered separately in UMAP space, as they 168 

neither expressed NSC markers (Ascl1, Hes5) nor the astrocytic markers Smo, Fgfr3 and Dmd. 169 

They did, however, express Gfap, Ntrk2 and id2, indicating that they likely represent a different 170 

astrocyte linage that is not derived from NSCs (Fig. 2d). Interestingly, TBI does not seem to 171 

induce significant changes in the overall developmental trajectories of NSC-derived neurons 172 

and astrocytes (Fig. 2e, f). However, several NSC-derived neuronal cell clusters (N-stage 1, 2, 173 

4, 5) were enriched in the cell suspensions prepared from animals subjected to TBI, with N-174 

stage 5 cells showing the largest TBI-induced effect (Fig. 2f, Table S2). In addition, several 175 

NSC-derived astrocytic cell clusters were depleted in these cell suspensions, with A-stage 1, 2 176 
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and 4 cells showing a significant TBI-induced reduction, while A-stage 3 cells were unaffected 177 

(Fig. 2f, Table S2). 178 

Gene ontology (GO) biological pathway (BP) analysis performed for the neuro- and 179 

astrogliogenic lineages confirmed 2 trajectories, with distinct changes in associated biological 180 

functions over pseudotime, indicating a gradual change towards neuronal (Fig. 2g, Table S4, 181 

Table S5) or glial (Fig. 2h, Table S4, Table S5) functions, respectively. Interestingly, GO 182 

analysis suggests NSC-stage 2 is the cell population with the highest proliferative potential, 183 

suggesting these cells represent activated NSCs, in agreement with their robust Mki67 184 

expression (Fig. S2, Fig. S3, Table S3). Additionally, GO pathway analysis indicated that 185 

several astrocytic cell clusters may retain some proliferative potential, even in the absence of 186 

active proliferation, indicated by their lack of Mki67expression (Fig. 2h). In the absence of 187 

major effects of TBI on lineage and cell type identity, the change in the relative proportions of 188 

the various neuronal and astrocyte subgroups suggests that TBI affects principally cell fate 189 

determination. 190 

 191 

RNA velocity predicts NSC fate changes after TBI. 192 

RNA Velocity is a computational tool for predicting future cell state from scRNA-seq data, by 193 

analyzing the ratio of spliced versus unspliced RNA transcripts (PMID: 30089906; PMID: 194 

32747759). RNA velocity analysis performed on our scRNA-seq dataset confirmed our basic 195 

finding of neuronal and astrocytic lineages originating from NSCs in the AHN (Fig. 3a, b). 196 

Based on the calculated transition probabilities, it appears that both NSC-stage-1 and NSC-197 

stage-2 cells transition to RG-like cells (Fig. 3c-h), which in turn feed both the neuronal (N-198 

stage 1) and astrocytic (A-stage 1) lineages (Fig. 3i-q). Crucially, in Control animals, the 199 

probability of RG-like cells to transition to astrocytic lineage is higher than the probability of 200 

transitioning to the neuronal lineage (Fig. 3k). Consistent with the numerical changes observed 201 
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in specific cell clusters after TBI (Fig. 2f), RNA velocity analysis suggests TBI promotes an 202 

increase in the number of cells entering the neuronal lineage by promoting the transition of 203 

NSC-stage 1 cells to NSC-stage 2 (Fig. 3e), as well as promoting the transition of both NSC-204 

stage-2 and RG-like cells to N-stage 1 (Fig. 3h, k). In contrast, the probability of RG-like cells 205 

progressing to A-stage 1 reduced (Fig. 3k), suggesting that increased neurogenesis occurs at 206 

the expense of astrogliogenesis. Interestingly, in Control conditions, a proportion of NSC-207 

stage-2 cells can transition to N-stage-1, an effect promoted in TBI conditions (Fig. 3 h), further 208 

tipping the balance of cell production towards neurogenesis. Consistent with an imbalance in 209 

cell numbers, TBI seems to have a strong effect on the apparent stable identity (self-renewal) 210 

behaviors of both NSC-stage-1 and RG-like cells (Fig. 3e, k). In summary, therefore, our RNA 211 

velocity analysis is entirely consistent with the major effect of TBI being on cell fate decisions 212 

rather than cell identity per se. 213 

 214 

Differential gene expression analysis reveals cell population-specific responses to TBI. 215 

Next, we investigated the cell-type specific alterations in gene expression induced by TBI. For 216 

this, we compared gene expression patterns per cell population between Control and TBI 217 

groups using the Wilcoxon Ranked Sum test. We found several differentially expressed genes 218 

(DEGs) in specific cell populations. Overall, TBI resulted in more upregulated genes (38 in 219 

total across 9 cell populations) than downregulated genes (16 in total across 8 cell populations) 220 

(Fig. 4a, b; Table S6). A-stage 3 was the population with the largest number of DEGs, with 11 221 

upregulated and 5 downregulated genes, followed by N-stage 4 with 7 upregulated and 5 222 

downregulated genes and A-stage 2 with 10 upregulated and 1 downregulated gene. TBI did 223 

not, however, induce large effects on gene expression in NSC populations. In RG-like cells, 224 

two genes were found upregulated: Mediator Complex Subunit 29 (Med29) and protein 225 

phosphatase 1 regulatory inhibitor subunit 14B (Ppp1r14b). The Mediator Complex is a large 226 
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multiprotein coactivator essential for both activated and basal transcription (PMID: 14576168) 227 

and Med29 is amplified and overexpressed in hyperproliferative cells (PMID: 17332321, 228 

PMID: 21225629), suggesting it may be involved in transcriptional and proliferative changes 229 

associated with fate changes in RG-like cells (consistent with RNA velocity predictions). A 230 

detailed examination of DEGs across cell populations, revealed that Ppp1r14b, a gene linked 231 

to cell proliferation, growth and apoptosis (PMID: 35679681, 34858479), is consistently 232 

upregulated by TBI in 7 cell populations (Fig. 4a, Table S6). Specifically, Ppp1r14b is 233 

upregulated by TBI in RG-like (Fig. 4c), NSC-stage 2, (Fig. 4d), astrocytic A-stage 3 (Fig. 4e), 234 

and neuronal N-stage 1-4, (Fig. 4f-i) cell populations, suggesting that Ppp1r14b may play an 235 

important role in the coordinated action of TBI across these cell populations. GO pathway 236 

analysis of the DEGs between Control and TBI groups in specific populations indicated that 237 

several biological processes (BPs) were affected by TBI (Fig. S4, Table S7, Table S8). 238 

Specifically, several proliferation-associated BPs were affected in NSCs and derived neuronal 239 

populations (NSC-stage 1, NSC-stage 2, N-stage 2 and N-stage 3 cells) (Fig. S4). In the NSC-240 

derived astrocytic populations, several BP associated with apoptosis, DNA damage, 241 

transcription, ribosome assembly and biogenesis, and microtubule polymerization were 242 

affected by TBI (Fig. S4). 243 

 244 

TBI affects the anatomical location of specific NSC-derived populations in the DG 245 

Our scRNA-seq results indicate the presence of previously uncharacterized cell populations in 246 

the DG. To validate their existence, we performed multiplexed fluorescence in situ 247 

hybridization (FISH) using RNAscope (PMID: 27339989), in hippocampal slices of wild type 248 

mice, focusing on the identification of NSC-derived astrocytic cells, for which we could find a 249 

suitable set of probes, including Slc1a3, Hapln1, FrzB, Ascl1, Sparc, Sned1 and Neat1 (Fig. 250 

S5). We were able to localize three of the astrocytic cell populations in the DG identified in 251 
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our scRNA-seq experiments: A-stage 4 cells (Slc1a3+, Hapln1+, Neat1+, Sned1+, Sparc-, 252 

Ascl1-, Frzb-; Fig. 5a), A-stage 2 cells (Slc1a3+, Hapln1-, Neat1+, Sned1+, Sparc-/+, Ascl1-253 

, Frzb-; Fig. 5b) and A-stage 1 cells (Slc1a3+, Hapln1-, FrzB+, Ascl1+, Sparc+, Neat1+, 254 

Sned1+, Fig. 5c). These different cell populations were observed in distinct locations within 255 

the DG. A-stage 1 and 2 cells, were located in the subgranular zone (SGZ) (Fig. 5d, insets d’ 256 

and d’’, respectively), while A-stage 4 cells were located in the molecular layer (ML), close to 257 

the external layers of the granule cell layer (GCL) (Fig. 5d, inset d’’’). Indeed, NSCs and their 258 

neuronal and astrocytic progenies are found in SGZ, and this anatomical positioning has been 259 

linked to their functional roles and integration into hippocampal circuits (PMID:24090877, 260 

PMID: 35451150, PMID: 31346164). Overall, our results with RNAscope confirmed that early 261 

NSC-derived astrocytic cells (A-stage 1 and 2) locate to the SGZ, while other populations in 262 

the NSC-derived astrocytic lineage may reside in more distant locations. Unfortunately, 263 

however, RNAscope is restricted to the simultaneous detection of 12 probes. To overcome this 264 

limitation, we aimed to characterize the anatomical location of NSCs and NSC-derived 265 

neurogenic and astrocytogenic cells using the recently developed Molecular Cartography 266 

spatial transcriptomics platform (Resolve Biosciences GmbH, Monheim am Rhein, Germany) 267 

(PMID: 35021063). Molecular Cartography allows for simultaneous detection of up to 100 268 

transcripts. We designed an extended panel of 93 probes to localize cell populations identified 269 

from the scRNA-seq dataset in the DG of mice from Control and TBI groups (Fig. S5). In a 270 

first validation step, the localization of probes in Control tissue was compared to the 271 

corresponding signals obtained from the Allen Brain Atlas (PMID: 17151600), which showed 272 

significant overlap (Fig. S5, Table S9). Using the multimodal reference mapping tool of the 273 

Seurat package, we then compared the signals from the 93 Molecular Cartography targets to 274 

the scRNA-seq dataset. This analysis indicated a substantial overlap in the cell populations 275 

identified by both techniques (Fig. 5g, h), with all NSC and NSC-derived populations defined 276 
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in the scRNA-seq data found back in the Molecular Cartography signal clusters (MCCs) (Fig. 277 

5h). Supporting the high concordance between both techniques, pseudotime analysis of the 278 

merged scRNA/MCCs dataset confirmed the presence of NSC-derived neurogenic and 279 

astrocytogenic lineages (Fig. 5i, j). The relationship between the two datasets was not always 280 

one-to-one, as some of the populations defined by scRNA-seq were represented in more than 281 

one MCC (Fig. 5k). However, the high degree of overlap between the datasets indicates that 282 

Molecular Cartography allows the spatial localization of scRNA-seq defined NSC and NSC-283 

derived cell populations in the intact DG.  284 

We then asked whether TBI affects the location of specific cell populations within the DG. 285 

First, we segmented the DG into 4 different regions: SGZ, inner GCL (GL1); mid and outer 286 

GCL (GL2), and hilus, as described in (PMID: 12466205). Then, we compared the location of 287 

NSCs and the corresponding neuronal and astrocytic lineages in the Control and TBI groups, 288 

using the MCCs defined in Fig. 6k. We were unable to detect any change induced by TBI in 289 

the location of cells in MCCs 7 and 8 (RG-like, NSC-stage 1 and NSC-stage 2 cells) (Fig. 5l). 290 

However, the location of cells in MCC 2 (N-stage 2-3 cells) and MCC 9 (A-stage 1 cells) was 291 

affected by TBI (Fig. 5m-r). The percentage of N-stage 2-3 cells in the SGZ was reduced (Fig. 292 

5m, n), while the number in the GCL (GL1 and 2) was increased (Fig. 5m, o) in the TBI group. 293 

Similarly, the percentage of A-stage 1 cells in the SGZ was reduced (Fig. 5p, q), while their 294 

representation in Hilus was increased (Fig. 5p, r) in the TBI group. These results indicate a 295 

specific effect of TBI on the location of two NSC-derived cell populations in the DG, 296 

displacing them away from their native locations in the SGZ. Interestingly, Molecular 297 

Cartography showed an increase in GFAP+ cells in the hilus (Fig. 5s), in agreement with the 298 

general increase in GFAP levels observed in the hippocampus in the TBI group (Fig. 1a-d). 299 

Although all NSC-derived astrocytic cell populations express GFAP, A-stage 1 (and A-stage 300 
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4) cells are the two populations in which GFAP is expressed at high levels in the majority of 301 

cells (Fig. S3), suggesting that A-stage 1 cells contribute to this signal in the hilus.  302 

 303 

Discussion 304 

Under physiological conditions, native NSCs in the adult mouse DG generate new neurons and 305 

astrocytes, which integrate into the hippocampus’ complex cellular architecture and functional 306 

circuits, and contribute to hippocampal-dependent learning, memory and mood regulation 307 

(PMID: 31972145; PMID: 35451150, PMID: 33349709, PMID: 34103674). Here, we aimed 308 

to understand how TBI affects specific populations of NSC-derived cells in the DG. Using a 309 

combination of scRNA-seq, spatial transcriptomic and computational techniques, we: 1) 310 

identified distinct cellular populations in the AHN niche that belong to neuronal and astrocytic 311 

lineages; 2) observed that TBI induces changes in the relative proportion of cells in these 312 

lineages; 3) characterized changes in gene expression induced by TBI in specific NSC-derived 313 

cell populations; 4) confirmed the presence of NSC-derived neuronal and astrocytic cells in 314 

different subregions of the DG in situ; 5) identified a specific effect of TBI on the anatomical 315 

location of NSC-derived cell populations within the DG. Taken together, our results using a 316 

variety of methods, all support the conclusion that TBI modifies NSC fate to promote 317 

neurogenesis at the expense of astrogliogenesis, whilst also affecting the anatomical location 318 

of specific NSC-derived populations within the DG. 319 

In agreement with observations made in other rodent TBI models, we observed an impairment 320 

in hippocampal dependent cognitive tasks 15 days after a controlled cortical impact, 321 

concomitant with hippocampal astrogliosis, indicated by increased GFAP expression and an 322 

increase in immature neurons (DCX+ cells) (PMID: 33622092, PMID: 10224295, PMID: 323 

22900595, PMID: 33488351, PMID: 31670865). To perform the first unbiased assessment of 324 

the effects of mild-moderate TBI on the AHN, we performed single cell sequencing using cells 325 
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isolated from Nestin-GFP mice, which express the fluorescent marker in NSCs, their progeny, 326 

and several other cell types within the niche (PMID: 14730584; PMID: 29241552). Using 327 

previously reported cell type markers, we were able to identify 10 cell clusters representing the 328 

major cell types expected in the DG: NSCs, neuronal and astrocytic cells, oligodendrocyte 329 

precursors and other less abundant cell populations, in agreement with previous studies (PMID: 330 

29241552; PMID: 26299571). Following this first analysis, extraction of progenitors, 331 

astrocyte-like and neuron-like cells, with subsequent re-clustering and pseudotime-based 332 

lineage tracing, identified two specific cell lineages within the annotated cell populations 333 

(PMID: 32116127). Six neuronal cell populations (N-stage 1-6) fitted a lineage trajectory that 334 

initiated from three NSC populations (RG-like, NSC-stage 1 and 2), strongly suggesting they 335 

derive from them. An additional neuronal cell population (N-stage 7) did not fit within this 336 

lineage, suggesting a different origin, compatible with its lack of Prox1 expression, a marker 337 

of granule cell identity in the DG (PMID: 22791897). Interestingly, four astrocytic cell 338 

populations (A-stage 1-4) fitted in a separate lineage trajectory, which also included RGL-like, 339 

NSC-1 and NSC-2 cells, indicating they also likely originate from these NSCs. Additionally, 340 

we found three astrocytic cell populations (A-stage 5-7) that did not fit within this trajectory, 341 

similarly suggesting a different origin. The three potential NSC populations we observed 342 

expressed Ascl1, Vim, Hes5 and Id4, although the levels of these four markers were lower in 343 

NSC-stage 1 cells. Indeed, recent studies have identified populations of DG NSCs 344 

characterized by the differential expression of the pro-activation factor Ascl1 and the inhibitor 345 

of DNA binding protein Id4 (PMID: 31552825, PMID: 33349709, PMID: 33581058), 346 

indicating our NSC classification is consistent with earlier findings. This view is further 347 

reinforced both by Gene Ontology analysis, which confirmed that our NSC populations show 348 

high proliferative potential, and RNA velocity analysis which confirmed that the neuronal and 349 

astrocytic lineages described by our sequencing data are transcriptionally derived from these 350 
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NSC populations. Independent confirmation of sequencing data was obtained using RNAscope 351 

in situ hybridization to detect NSC-derived cell populations. For our initial assessment, we 352 

focused on cells of the astrocytic lineage, as they represent a minority of NSC progeny, and 353 

are far less characterized in the literature than their neuronal counterparts (PMID: 31972145, 354 

PMID: 35451150). Specifically, we validated the presence of A-stage 1, 2 and 4 cells. We 355 

observed A-stage1 and 2 cells to be present mainly in the SGZ, an acknowledged anatomical 356 

location for NSCs and their immature progeny in physiological conditions (PMID:27814520, 357 

PMID: 35451150). 358 

Crucially, all our data support the conclusion that TBI produces no change in the major cell 359 

types detectable in the AHN, or the developmental linages of NSC-derived neuron and 360 

astrocytes. This is in direct contrast to reports of unique cell populations associated with the 361 

development of Alzheimer’s (PMID: 32341542) and Huntington’s (PMID: 32070434) 362 

diseases, including the appearance of multiple populations of reactive astrocytes characterized 363 

by GFAP upregulation. Although these are chronic neurodegenerative diseases, in which 364 

changes in cell identity may well occur over years in a non-synchronous manner, large changes 365 

in cell identity were also reported on the shorter time-scale of EAE induction in mice (PMID: 366 

29279367), suggesting that responses to injury and disease are a complex combination of initial 367 

cellular identity and insult (PMID: 32183137). Indeed, TBI-induced changes appear subtle, 368 

with the major effects appearing to be on the relative abundance of NSC-derived neuronal and 369 

astrocytic cells. We found that TBI resulted in an increase in the abundance of NSC-derived 370 

neuronal populations N-stage 1-5 cells. Concomitantly, TBI resulted in a decreased abundance 371 

of the NSC-derived astrocytic populations A-stage 1, 2 and 4, without seeming to have any 372 

effect on the abundance of A-stage 3 cells. These observations suggest a concerted effect of 373 

TBI on NSC-derived cell populations, possibly promoting neurogenesis at the cost of 374 

astrogliogenesis. Supporting this conclusion, RNA velocity analysis indicated that TBI altered 375 
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the fate of RG-like cells, increasing their probability to transition to N-stage 1 cells and 376 

decreasing their probability to transition to A-stage 1 cells. Interestingly, NSC-stage 2 cells 377 

also showed an increased probability to transition to N-stage 1 cells, while NSC-stage 1 cells 378 

showed an increased probability to transition to NSC-stage 2 cells. These observations indicate 379 

an increase in neurogenesis in response to TBI. Further supporting this conclusion, N-stage 1 380 

cells showed an increased probability of transitioning to more differentiated neuronal states – 381 

specifically N-stage 2 and 3. As N-stage 2 and 3 cells express neuroblast markers, this 382 

observation is compatible with an increase in immature neuronal cells induced by TBI in the 383 

DG, which we also observe using immunohistochemical detection of DCX. Overall, RNA 384 

velocity indicated an increased progression of progenitors along the neurogenic lineage at the 385 

apparent expense of astrogliogenesis following TBI. Interestingly, NSC proliferation and 386 

neurogenesis, induced by physiological stimuli such as running, are uncoupled from NSC-387 

derived astrogliogenesis (PMID: 35451150). Therefore, the selective vulnerability of NSC-388 

derived astrogliogenesis we report here may be related to the underlying pathology of TBI. 389 

Our analyses of DEGs in specific cell populations indicate that Ppp1r14b is upregulated 390 

following TBI in NSCs, astrocytic (A-stage 3), and neuronal (N-stage 1-4) cell populations. 391 

Ppp1r14b is a gene associated with proliferation and migration in other cell types (PMID: 392 

36263632). Ppp1r14b is upregulated in hippocampal NSCs after kainic acid administration, an 393 

experimental condition that induces pathological NSC proliferation, and it is a validated target 394 

of microRNA-137, which prevents the kainic acid-induced loss of RG-like NSCs associated 395 

with hyperproliferation in the DG (PMID: 30837840, PMID: 25957904, PMID: 33642868). 396 

Taken together, these observations suggest that Ppp1r14b-mediated pathways may be involved 397 

in pathological activation and migration of NSCs and some of the populations that derive from 398 

them. However, the role of Ppp1r14b in hippocampal NSCs and their progeny remains 399 

unknown, and our observations warrant future studies to characterize its function(s) in detail.  400 
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Changes in anatomical location of specific cell populations within the DG may be important to 401 

better understand the long-term consequences of TBI on hippocampal functions. Using 402 

Molecular Cartography and a multimodal reference mapping of our scRNA-seq dataset, we 403 

were able to localize 17 cell populations, that were initially annotated from the single cell RNA 404 

sequence dataset, to their location within the DG. Focusing on 13 populations, which 405 

represented NSCs and their progeny, we assigned cell populations to different anatomical 406 

locations in the AHN niche, and found that N-stage 3 and A-stage 1 cells, which represent two 407 

early cell populations from the NSC-derived neuronal and astrocytic lineages respectively, 408 

were misplaced in the DG of mice subjected to TBI. The alterations in the anatomical location 409 

of N-stage 3 is compatible with the increase in DCX+ cells observed with 410 

immunohistochemistry following TBI, and supported by our RNA velocity analysis. Changes 411 

in immature neuronal cell location impacts on their circuit integration, as they need to be 412 

physically adjacent to coordinate their lateral migration (PMID: 31346164). This suggests that 413 

N-stage 3 cells correspond to the ectopic neurons that have been observed after TBI in the DG 414 

(PMID: 26898165). Although previous studies have shown that astrocytic cells are generated 415 

in low numbers from NSCs in the AHN niche (PMID: 33349709, PMID: 35451150), 416 

molecularly distinct, spatially organized astrocyte populations appear to support local functions 417 

in the hippocampus ((PMID: 32139688, PMID: 36443610, PMID: 36378959, PMID: 418 

36443610). Interestingly, recent observations have shown that physiological stimuli, such as 419 

running, stimulate adult NSC-derived neurogenesis without affecting astrogliogenesis (PMID: 420 

35451150). In contrast, we show here that pathological insults, such as TBI, may stimulate 421 

adult NSC-derived neurogenesis at the expense of astrogliogenesis, highlighting the 422 

importance of assessing the balance of these processes in the AHN following pathological 423 

insults. In particular, our studies using RNA velocity and Molecular Cartography identified 424 

transition limited progression through A-stage 1 as a major effect of TBI on astrocyte 425 
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maturation in the DG. Recent observations indicate that astrocytic cells are key regulators of 426 

cell-cell coordination in the hippocampus, supporting critical aspects of circuit function from 427 

synapse assembly and pruning, control of local homeostasis and modulation of synaptic 428 

transmission (PMID: 36748397). In particular, astrocyte dysfunction following TBI affects the 429 

metabolic support of neurons (PMID: 35951114) and hilar astrocytes contribute GABAergic 430 

inhibition of hippocampal dentate granule cells (PMID: 27161528). Moreover, neuronal 431 

rearrangements take place in the hilus after TBI, where mossy cells are sensitive and become 432 

hyperexcitable after (TBI PMID: 27466143; PMID: 10747187). Although it is tempting to 433 

speculate that the numerical and spatial changes in specific NSC-derived astrocytic populations 434 

may contribute to deficient metabolic support in the DG after TBI, future studies should clarify 435 

the functional relevance of these cell subpopulations. Overall, based on the results we describe, 436 

we propose a novel model for the effects of TBI on NSCs and the cell populations that derive 437 

from them in the AHN, which incorporates our key findings of changes in cell fate specification 438 

and differentiation and cell position (Figure 6). 439 

Arguably, our work has some technical and conceptual limitations. Previous studies on the 440 

response of NSCs in the DG to TBI have delivered inconsistent observations regarding the 441 

degree to which neurogenesis is stimulated (PMID: 26414411). These discrepancies may be 442 

explained by variations in the use of different TBI models and experimental design. A previous 443 

study using the CCI model to investigate the effect of injury severity, concluded that moderate 444 

TBI promoted NSC proliferation without increasing neurogenesis, as measured by the number 445 

of DCX+ cells in the DG two weeks after injury (PMID: 26414411). In contrast, we observed 446 

a significant increase in DCX+ cells, although we used different injury induction parameters. 447 

According to a recent effort to standardise CCI parameters across different laboratories, the 448 

TBI that we induced can be defined as mild to moderate (PMID: 30017882). This definition is 449 

consistent with our observation of an impairment in hippocampal-dependent learning in the 450 
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Morris Water Maze (a cognitive test frequently used to evaluate mild to moderate TBI), 451 

concomitant with an increase in the number of DCX+ cells (PMID: 30017882). Regarding 452 

possible implications for TBI in humans, CCI only mimics certain aspects of human TBI 453 

(PMID: 30017882). Specifically, mild, moderate, or severe TBI, are clinically defined in 454 

humans based on loss of consciousness, alterations in mental states, post-traumatic amnesia or 455 

coma at different times after TBI, some of which are not considered in rodent models (PMID: 456 

22834016; PMID: 30017882).  457 

While the presence of adult hippocampal neurogenesis in humans has been recently debated 458 

(PMID: 29681514; PMID: 31899214), particularly in respect of how its impairment in older 459 

adults might play a role in neurodegenerative disease (PMID: 34672693; PMID: 35420933; 460 

PMID: 35420939; PMID: 35420954), most studies agree on its occurrence in younger 461 

individuals (PMID: 29513649) and a possible a roadmap toward a better understanding of the 462 

role of AHN in AD, for which scRNA-seq studies may be crucial, has been recently proposed 463 

(PMID: 36736288). Importantly, TBI induces the expression of NSC markers in individual 464 

cells of the perilesional human cortex, suggesting that TBI induces neurogenesis in the human 465 

brain (PMID: 21275797).  466 

In conclusion, therefore, the molecular and cellular changes we describe here in mouse may 467 

well help us to better understand the changes induced by TBI in the hippocampus of young 468 

TBI patients, possibly opening up new targets for therapeutics. 469 

 470 

Methods 471 

Animals 472 

Eight-week-old male Nestin-GFP+/- or C57/Bl6J (wild type) male mice were used in our 473 

experiments. All mice were bred in house and housed in groups of 3-4 animals per cage 474 

throughout the experiment under a 12-h light/dark cycle (lights on at 08.00AM) in a 475 
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temperature and humidity-controlled room (21°C, 50%) with ad libitum access to food and 476 

water. All animal procedures were approved by the commission for Animal Welfare at the 477 

University of Amsterdam (CCD 4925) and/or VIB-KU Leuven (082/2018) and were performed 478 

according to the guidelines and regulations of the European Union for the use of animals for 479 

scientific purposes and the ARRIVE guidelines for reporting animal research (PMID: 480 

32663219). All mice were randomly assigned to experimental groups. 481 

  482 

Controlled cortical impact 483 

A controlled cortical impact model was used to induce a traumatic brain injury of mild to 484 

moderate severity, as previously described (PMID: 35618831). In brief, mice were placed in a 485 

stereotaxic frame and anesthetized using 2% isoflurane throughout the surgery. A craniotomy 486 

was performed, creating a window along the skull sutures from bregma to lambda over the left 487 

hemisphere. The impact piston was placed at an approximately 20-degree angle directly on the 488 

brain surface and an impact was performed using the following settings: 1 mm impact depth, 489 

5.50 m/s velocity, dwell time 300 ms. After the impact, the skull bone was placed back and 490 

glued in place using Superglue. The skin was stitched to close the wound and animals were 491 

allowed to recover on a 37°C heat pad until fully awake.   492 

  493 

Tissue extraction 494 

Mice were sacrificed 15 days post-TBI. Mice destined for immunohistochemistry were 495 

sacrificed by an overdose of Euthasol, followed by intracardial perfusion-fixation with ice-cold 496 

PBS, followed by 4% PFA. The brains were isolated and stored in PBS until further use. Mice 497 

destined for single cell experiments were sacrificed by rapid decapitation, after which brains 498 

were removed and the dentate gyri microdissected ready for dissociation. Mice destined for 499 

experiments using either RNAscope or Molecular Cartography were sacrificed by rapid 500 
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decapitation, after which the brains were removed and directly processed, according to the 501 

manufacturer’s protocols. 502 

  503 

Immunohistochemistry 504 

PFA-fixed brains were cryoprotected using 30% sucrose and then sliced into 40 μm-thick 505 

slices: every 8th section was taken for immunostaining, ensuring a 280 nm separation between 506 

slices, as previously described (PMID: 31222184). Fluorescence immunohistochemistry was 507 

performed following a standard procedure. Sections were first incubated with blocking and 508 

permeabilization buffer (1X PBS / 5% normal goat serum (Cell Signaling, cat #5425) / 0.3% 509 

Triton X-100) for 30 minutes, followed by incubation with the primary antibody overnight at 510 

4°C. Sections were thoroughly washed with PBS and subsequently incubated with fluorescent 511 

secondary antibodies for 2 hours at room temperature. After thorough washing with PBS, tissue 512 

slices were mounted on glass slides and counterstained with Vectashield antifade mounting 513 

medium containing DAPI (Vector Laboratories, cat# H-1200-10). The following antibodies 514 

were used: rabbit anti-GFAP (1:10,000 dilution; DAKO, cat# Z0334) in combination with goat 515 

anti-rabbit Alexa 568 (1:500 dilution; Thermo Fisher Scientific/Invitrogen, cat # A-11011), 516 

goat anti-DCX (1:500 dilution; Santa Cruz, cat# sc-8066) in combination with donkey anti-517 

goat Alexa 488 (1:500 dilution; Thermo Fisher/Invitrogen, cat # A-11055). DAB-based 518 

immunohistochemistry for DCX was performed according to a standard protocol, as previously 519 

described (PMID: 22925833), using goat-anti DCX (1:800 dilution; Santa Cruz, cat# sc-8066) 520 

in combination with donkey anti-goat-biotin (1:500 dilution; Jackson Immuno Research, cat# 521 

705-065-147). Nissl staining was performed to counterstain nuclei using Cresyl Violet, as 522 

previously described (PMID: 31222184). Total DCX+ cells were assessed using a stereological 523 

approach, as previously described (Schouten et al., 2015). Gliosis was analyzed by measuring 524 
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GFAP surface area coverage in the whole hippocampus using ImageJ as described before 525 

(PMID: 30837840). 526 

 527 

RNAscope® fluorescent multiplex in situ hybridization 528 

Freshly removed brains from C57/Bl6J mice were directly snap-frozen using liquid nitrogen. 529 

16 µm-thick sections containing the hippocampus were cut using a cryostat and collected 530 

directly on Superfrost glass slides. RNA transcripts of interest (Slc1a3, Hapln1, Neat1, Sned1, 531 

Sparc, Ascl1, Frzb) were targeted using RNAscopeÒ probes. The RNAscopeÒ HiPlex v2 Assay 532 

was performed following the manufacturer’s instructions as described in (PMID: 22166544), 533 

and images were collected on a Zeiss LSM 510 confocal laser-scanning microscope (10x air, 534 

40x water objectives). A 10x overview of the dorsal DG was taken first and 40x Z-stack images 535 

with 1 µm intervals were then produced and analyzed using ImageJ. The SGZ was defined as 536 

two cell bodies distance from the GCL (PMID: 16267214). 537 

  538 

Molecular Cartography 539 

C57/Bl6J mouse brains were processed according to the manufacturer’s protocol. Briefly, the 540 

ipsilateral side of the brain was trimmed to a dimension of maximum 1 cm thickness and 541 

immersed in a proprietary fixative (Resolve BioSciences GmbH, Monheim am Rhein, 542 

Germany), after which brains were placed in a proprietary stabilization buffer. Brains blocks 543 

were then sectioned into 2 mm slices and immersed in cryo-embedding medium (Resolve 544 

BioSciences GmbH, Monheim am Rhein, Germany), followed by snap-freezing in liquid N2. 545 

10 µm sections were generated using a cryostat. Samples processed in this way were used for 546 

highly multiplexed single molecule in situ hybridization (Molecular Cartography platform) as 547 

described in (PMID: 35021063). Essentially, five tissue sections from three different animals 548 

(TBI) and four tissue sections from two different animals (control) were stained with probes 549 
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targeting 93 genes defining specific stages along both the neuronal and astrocyte lineages 550 

(Table S9). Tissue sections were counter-stained with DAPI to allow cell identification through 551 

nuclear segmentation. 9 tissue sections were imaged and data files generated containing the x-552 

y co-ordinates of each transcript detected. These images were processed by QuPath 0.2.3 553 

software to segment single cells from the granule layer of the dentate gyrus (DG) (sub-divided 554 

in GL1 and GL2), subgranular zone (SGZ) and Hilus (PMID: 30837840), based on the DAPI 555 

signal (using QuPath's cell detection algorithm with the parameters indicated in Table S10). 556 

Co-ordinates for segmented nuclei were transferred to ImageJ 2.0.0-rc-43/1.52n and the 557 

transcript count per nucleus was extracted using the Polylux_V1.6.1 ImageJ plugin, developed 558 

by Resolve Biosciences.  559 

 560 

 Single Cell Suspension 561 

A single cell suspension was made from the micro-dissected dentate gyri using a neural tissue 562 

dissociation kit (Miltenyi Biotech), according to the manufacturer’s protocol. In brief, 7 563 

ipsilateral dentate gyri were collected per experimental condition. Dissociation enzymes were 564 

added followed by manual dissociation using first a P1000 pipet tip, followed by further 565 

dissociation using a P200 pipet tip. After full dissociation, the suspension was filtered using a 566 

40 µm cell strainer and collected in HBSS containing RNase inhibitor. The suspension was 567 

then centrifuged at 300xgAv for 12 minutes, after which the cell pellet was resuspended in PBS 568 

containing 0.5% FBS. 569 

  570 

Fluorescence activated cell sorting  571 

GFP positive cells were isolated using fluorescence activated cell sorting (FACS) (BD 572 

FACSAria™ III Cell Sorter), as recently described (PMID: 31222184). Propidium iodide (PI) 573 

was added to the single cell suspension to discriminate between live and dead cells. In a first 574 
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step, doublets and cell debris were removed based on forward and side scatter. Dead cells were 575 

then removed based on PI staining, after which the single cell suspension was sorted into GFP 576 

positive and negative populations based on the intrinsic GFP signal recorded in the FITC 577 

channel. GFP positive populations were sorted and collected in PBS containing FBS. Cell 578 

concentration was adjusted to 1000 cells/µL. 579 

 580 

Library preparations 581 

Single cell suspensions were prepared from microdissected DGs obtained from 8 weeks old 582 

Nestin-GFP mice, using 5-6 animals per condition (Control and TBI). Library preparations for 583 

scRNA-seq were performed using a 10X Genomics Chromium Single Cell 3’ Kit, v3 (10X 584 

Genomics, Pleasanton, CA, USA). The cell count and the viability of the samples were assessed 585 

using a LUNA dual florescence cell counter (Logos Biosystems) and a targeted cell recovery 586 

of 6,000 cells per sample was aimed for. Post-cell counting and QC, the samples were 587 

immediately loaded onto a Chromium Controller. Single cell RNAseq libraries were prepared 588 

according to the manufacturer’s recommendd protocol (Single cell 3’ reagent kits v3 user 589 

guide; CG00052 Rev B), with library quality checked at all indicated protocol points using a 590 

Qubit to measure cDNA concentration (ThermoFisher) and Bioanalyzer (Agilent) to measure 591 

cDNA quality. Single cell libraries were sequenced on either an Illumina NovaSeq 6000 or 592 

HiSeq4000 platform using a paired-end sequencing workflow with the recommended 10X v3 593 

read parameters (28-8-0-91 cycles). We aimed for a sequencing coverage of 50,000 reads per 594 

cell. 595 

 596 

SC data preprocessing and clustering analysis 597 

Data were demultiplexed and mapped using a standard CellRanger 3.0.2 workflow making use 598 

of the UCSC mouse genome GRCm38/mm10 assembly and refdata-cellranger-mm10-3.0.0 599 
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reference dataset. Libraries having low or high RNA content were removed to exclude cells 600 

with degraded RNA or potential cell doublets, respectively. Clustering analysis was done using 601 

the R Seurat_3.2.0 package (PMID: 31178118) using the standard workflow. Malat1 was 602 

excluded from the analysis, since many reads mapped to it, creating an artificial peak. Datasets 603 

were normalized by the global-scaling normalization function LogNormalize. Variable features 604 

were found using the FindVariableFeatures default variance stabilizing transformation (vst) 605 

method, by fitting log(variance) and log(mean) using local polynomial regression (loess). 606 

Canonical Correlation Analysis (CCA) was performed for the integration of anchors by 607 

FindIntegrationAnchors on 20 CCA dimensions and IntegrateData on the top 20 CCAs. The 608 

integrated data was scaled and centered using the ScaleData function on all transcripts. 609 

Principal Component Analysis (PCA) on the resulting data was performed using 30 610 

dimensions. A resampling Jackstrow test was performed to assess the significance of PCA 611 

components. The percentage of variance explained by each PCA was saturating at number 20. 612 

Therefore, the 20 most significant PCs were selected for UMAP reduction using RunUMAP, 613 

FindNeighbors and FindClusters functions. Except for the number of PCA components, no 614 

other default parameters were changed in these functions. Sub-clustering was done using the 615 

same procedure, except that only cells belonging to the astrocytic and neuronal lineages 616 

(including NSC and progenitor cells) were used (taking into account the top 30 CCA and top 617 

16 PCA dimensions). The resolution of the initial high-level cell type clustering was set to 3.0, 618 

and when reclustering data it was set to 0.8.  619 

 620 

Population enrichment analysis 621 

The significance of population enrichment by TBI or Control samples was tested with a 2-sided 622 

binomial test, using the R base binom.test function. The probability of success was set to 623 

represent the proportion of sequenced cells originating from the TBI samples against the whole 624 
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database (62.96% for the higher order clustering (Fig. 2c) and 57.39% in case of the pseudotime 625 

analysis (Fig. 2f).  626 

 627 

Differential expression analysis 628 

After re-clustering, astrocyte and neuron data went through an additional round of SCT 629 

normalization, performed using the Seurat SCTransform function with default parameters, to 630 

regress out noise arising from mitochondrial genes. Differential gene expression analysis to 631 

detect cell-type specific markers (see Table S3) was performed on the SCT normalized data 632 

using the Seurat FindMarkers function, using a 0.25 threshold on the ln-fold expression 633 

difference and requiring a minimum of 25% of the cells in a given population to express the 634 

marker gene. The significance of each marker was calculated using a Wilcoxon Rank Sum test 635 

and corrected using the Bonferroni method. To detect differentially expressed genes between 636 

equivalent cell populations identified in control and TBI conditions, MAST tests were 637 

performed (using an extension in the Seurat FindMarkers function) with subsequent 638 

Bonferroni correction (Table 6). Genes were taken to be differentially expressed (DEGs) if 639 

they showed at least a 0.2 ln-fold change in a minimum of 25% of cells for a given population  640 

 641 

Integration of the scRNA-seq and spatial data 642 

Spatial and single cell data were integrated in order to find matching populations. For this 643 

purpose, all the extracted spatial data was merged with the single cell data, using the R 644 

Seurat_3.2.0 package anchor-integration method. Prior to integration, spatial and single cell 645 

datasets were separately log-normalized and variable features for each were identified, using 646 

LogNormalize and FindVariableFeatures with vst methods, respectively. Next, integration 647 

anchors were found using the FindIntegrationAnchors function, using 8 dimensions of CCA 648 

reduction. Next, the two databases were merged using the IntegrateData function, using 8 CCA 649 
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dimensions. Finally, the integrated data was scaled; PCA and PCA-based UMAP analysis were 650 

performed on 8 PCA dimensions using RunPCA, RunUMAP, FindNeighbors and FindClusters 651 

functions with resolution set to 1 and all other parameters set to default. Clouds representing 652 

only the spatial data were identified. These clusters are either driven by technical factors or 653 

represent mature cells (not present in the single cell database) and were, therefore, removed 654 

before the integration method described above was repeated using the following parameters: 655 

10 CCA, 10 PCA and 0.8 clustering resolution.  656 

 657 

Pseudotime analysis 658 

Lineages were constructed using the Monocle v3_1.0.0 R package (PMID: 30787437), using 659 

the cluster_cells, learn_graph and order_cells functions with default parameters, based on 660 

clustering obtained using the UMAP dimensionality reduction method and the integrated 661 

normalized expression matrix in Seurat. NSC-like populations (NSC-stage1, NSC-stage2, RG-662 

like for the 10x scRNA dataset and clusters 7-8 (Fig. 5K) for the integrated spatial and scRNA 663 

datasets) were used as the root from which developmental pathways were developed. N-stage 664 

7 cells and A-stage 5-7 cells clustered separately in UMAP space, indicating that they likely 665 

represent non-NSC-derived lineages. Therefore, they were excluded from pseudotime analysis. 666 

 667 

Pathway analysis 668 

Gene-enrichment and functional annotation analyses of cell population-specific differentially 669 

expressed (up/down regulated) genes were performed using GO and KEGG databases accessed 670 

through clusterProfiler version 3.18.1 (pmid 34557778). First, an unbiased analysis was 671 

performed to report all the KEGG pathways/GO terms related to the gene list of interest. This 672 

was followed by sorting based on the following keywords: 'Synapse', 'Axon', 'Neuron', 673 

'Nervous', 'Glia', 'Astrocyte', 'Microglia', ‘Injury', 'Growth', 'Tnf', 'Neuro', 'Age', 'Myelin', 674 
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'Sheath', 'Reactive', 'Ion', 'Proliferation', 'Genesis', 'Development', 'Morphology', 'Formation', 675 

'Circuit', 'Axonogenesis'. The corresponding outputs for the biased and unbiased analysis are 676 

reported in Tables S4, S5 (for marker genes) and Tables S7, S8 (for up/down regulated genes 677 

in TBI).  678 

  679 

RNA Velocity Analysis 680 

Analysis was performed on the R velocyto.R_0.6 package, using spliced and unspliced RNA 681 

counts obtained through the standard run10x workflow using the gRCm38/mm10 genome. 682 

UMAP embedding space was imported from the respective Seurat clustering analysis.  RNA 683 

velocity was calculated for control and TBI separately, after removing the N-stage 7 and A-684 

stage 5,6 and 7 populations. The following workflow was implemented:  685 

Step1 686 

RunVelocity function was used with default parameters, except spliced.average = 0.5, 687 

fit.quantile = 0.02, kCells = 20 to obtain “current” and “deltaE” matrices. 688 

Step2 689 

The “current” and “deltaE” matrices from step1, and the UMAP embeddings from clustering 690 

analysis, were used in the show.velocity.on.embedding.cor function to obtain “tp” (transition 691 

probability matrix), “cc” (velocity-correlation matrix) and RNA Velocity on embeddings. All 692 

parameters were used with default settings, except the neighborhood size which was set to 693 

n=300. 694 

Step3  695 

For every population, the mean transition probability to each of its neighbors was calculated, 696 

using the show.velocity.on.embedding.cor function, where emb represented the UMAP 697 

embeddings of the clustering analysis (Fig. 2d) and vel represented the list of “current” and 698 

“deltaE” matrices (step1) for the subpopulation under consideration. The neighborhood size, 699 
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n, was set according to the number of cells in the populations of interest, using a minimum of 700 

300 cells.  The velocity-correlation matrix, cc, was obtained from step2 for the population of 701 

interest. Parameter scale=’sqrt’ was used. The remaining parameters were used with default 702 

settings. The “tp” matrices obtained after step3 were used in step 4.  703 

Step4 704 

Using “tp” matrices obtained from step3, barplots were constructed. Error bars show the 705 

average ± SEM. * marks a significant difference between control and TBI, based on 706 

independent non-parametric Wilcoxon tests. (ns: p > 0.05 , *: p <= 0.05, **: p <= 0.01, ***: p 707 

<= 0.001, ****: p <= 0.0001). Codes are available at 708 

https://github.com/araboapresyan/rna_velocity_analysis. 709 

 710 

Figure preparation 711 

Figures were prepared using R v3.6.0/v4.1.0, RStudio 1.0.136/1.4.1106/v4.1.2, Adobe 712 

Photoshop CC 2022, Adobe Illustrator 2022 and Graphpad Prism 9. 713 
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 752 

Figure and table legends 753 

Figure 1. Immunohistochemical and behavioral characterization of hippocampal changes 754 

following TBI. Representative example of GFAP (red) immunohistochemistry showing 755 

ipsilateral astrogliosis (a), white box indicates the location of the controlled cortical impact, 756 

scale bar, 250 µm. Higher magnification examples of increased astrogliosis in the hippocampus 757 

of Control (b) vs. TBI (c) mice; ML: molecular layer, sGCL: suprapyramidal granule cell layer, 758 

H: hilus, iGCL: infrapyramidal granule cell layer. Scale bars, 100 µm. Quantification of GFAP 759 

surface coverage in the dentate gyrus (n=3), *p<0.05 one way ANOVA with Tukey’s post-hoc 760 

test (d).  High magnification images showing DCX+ cells in the DG of Control (e) vs. TBI (f) 761 

mice. Scale bars, 25 µm; ML: molecular layer, GCL: granule cell layer. Quantification of 762 

DCX+ cells in the dentate gyrus (g), (Control n=5, TBI n=4, *p<0.05 unpaired t-test). 763 

Quantification of DCX+ cell phenotypes according to the presence, shape and orientation of 764 

apical dendrites (PMID: 1710567) within the dentate gyrus (h), (Control n=5, TBI n=4, 765 

*p<0,05 one way ANOVA with Tukey’s post-hoc test). Escape latency in the Morris Water 766 

Maze test (i), (Control n=12, TBI n=11; #p<0.05 time, *p<0.05 treatment, 2-way repeated 767 

measures ANOVA with Bonferroni post-hoc test. Percentage of time spent in target quadrant 768 

during Morris Water Maze probe trial (j), (Control n=12, TBI n=11, #p<0,05, unpaired t-test). 769 

 770 

Figure 2. Molecular characterization of the NSC-derived neuro- and astrogliogenic 771 

lineages within the mouse dentate gyrus and the effects of TBI. UMAP-based visualization 772 

of the major higher-order cell types identified by Seurat in the single cell dataset. Each dot 773 

represents a single cell. Cells with similar molecular profiles group together. Cell types were 774 
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assigned according to the expression of specific marker genes and are labelled in different 775 

colors (a). UMAP-based visualization of single cell data according to experimental origin 776 

(Control or TBI) (b). Bar plots showing the relative number of cells per cluster originating from 777 

Control or TBI samples against their predicted abundance (based on 62.96% of all cells 778 

originating from TBI samples: dashed line), *p<0.05 vs. expected abundance, binomial test (c). 779 

UMAP-based visualization of NSC-derived neuronal and astrocytic lineages obtained by 780 

extraction of neuronal and astrocytic cells followed by reclustering. Each dot represents an 781 

individual cell and discrete cell states are identified in specific colors (d). UMAP-based 782 

visualization of reclustered data according to experimental origin (Control or TBI) (e). Bar 783 

plots showing the relative number of cells per identified cell state in Control or TBI samples, 784 

against their expected abundance (based on 57.39% of all cells originating from TBI samples: 785 

dashed line), *p<0.05 vs. expected abundance, binomial test (f). GO biological pathway matrix 786 

for the cell clusters included in the neuronal (g) and astrocytic (h) lineages.  787 

 788 

Figure 3. RNA velocity analysis indicates that TBI induces a subtle but functionally 789 

significant shift in hippocampal neural stem cell fate. RNA velocity analysis along both the 790 

neuronal and astrocytic lineage in the Control (a) and TBI (b) groups. Left-to-right, RNA 791 

velocity analysis on Control (left) and TBI (middle) cells with mean transition probabilities 792 

indicated (right) NSC-stage 1 cells (c, d, e), NSC-stage 2 cells (f, g, h), RG-like cells (i, j, k), 793 

neuronal N-stage 1 cells (l, m, n), and astrocytic A-stage 1 cells (o, p, q). In all panels, vectors 794 

(arrows) indicate the predicted direction and speed of movement of single cells in 795 

transcriptome space, colors indicate previously characterized cell clusters indicated in the 796 

figures; ns: p > 0.05; *p<0,05; **p <= 0.01; ***p <= 0.001; ****p<= 0.0001, independent 797 

non-parametric Wilcoxon test.  798 

 799 
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Figure 4. TBI induces cell population-specific changes in gene expression in NSCs and 800 

NSC-derived cells in the DG. Heatmaps showing expression of individually upregulated (a) 801 

and downregulated (b) genes across NSCs and NSC-derived cell populations. Color bars 802 

indicate relative intensity of expression, indicated as ln fold-change in TBI vs. Control groups; 803 

SCT normalized data are compared.  Violin plots showing changes in Ppp1r14b expression 804 

induced by TBI in RG-like cells (c), NSC-stage 2 cells (d) astrocytic A-stage 3 cells (e) and 805 

neurogenic N-stage 1-4 cells (f-i). ***p<0.01, MAST test with Bonferroni post-hoc test on 806 

SCT normalized data.  807 

 808 

Figure 5. TBI induces changes in the location of specific cell populations in the dentate 809 

gyrus. RNAscope visualization of marker genes used to identify individual A-stage 4 (a), A-810 

stage 2 (b) and A-stage 1 (c) cells in intact tissue. Overview of the intact dentate gyrus (d) with 811 

individual A-stage 4 (d’’’), A-stage 2 (d’’) and A-stage 1 (d’) cells illustrated, ML: molecular 812 

layer, GCL: granule cell layer, SGZ: subgranular zone; scale bar, 5 µm. UMAP-based 813 

representation of the combined 10X and Molecular Cartography (MC) datasets, with colors 814 

identifying the 10 distinct cell states identified in the MC dataset (g). Both scRNA-seq derived 815 

(left) and MC-derived data (right) share a similar distribution within UMAP space, with colors 816 

in the 10X dataset indicating neuronal and astrocytic cell lineages identified in the original 817 

scRNA-seq data (h). UMAP-based representation of pseudotime for both neuronal (i) and 818 

astrocytic (j) lineages using the combined 10X-MC dataset, with color bars indicating relative 819 

pseudotime distance from the root population (yellow: minimum, red: maximum). Correlation 820 

matrix showing the relative overlap in gene expression data between cell populations identified 821 

by scRNA-seq (10X scRNA-seq-defined clusters) and Molecular Cartography (k). Color bar 822 

indicates the % of genes in a scRNA-seq-identified cluster present in a cluster identified by 823 

Molecular Cartography. Spatial mapping of NSC populations in Control and TBI groups in the 824 
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DG (l), with colored dots indicating the location of single cells belonging to the populations 825 

indicated in the legend. Spatial mapping of NSC-derived neuronal populations in Control and 826 

TBI groups in the DG (m), with colored dots indicating the location of single cells belonging 827 

to the populations indicated in the legend; pie charts represent the % localization of N-stage 2-828 

3 cells to the SGZ (orange) or the GL (yellow). Bar graphs showing the quantification of N-829 

stage 2-3 cells in the SGZ (n) or the GL (o) in Control and TBI groups. Spatial mapping of 830 

NSC-derived astrocytic populations in Control and TBI groups (p), colored dots indicate the 831 

location of single cells belonging to the populations indicated in the legend; pie charts represent 832 

the % localization of astrocytic A-stage 1 cells to the SGZ (green) or the Hilus (blue). Bar 833 

graphs showing the quantification of A-stage 1 cells in the SGZ (q) or the Hilus (r) in Control 834 

and TBI groups, *p<0,05, unpaired t-test. Spatial mapping of Gfap+ astrocytes in the dentate 835 

gyrus from Control and TBI animals (s); dots indicate the location of single cells, with color 836 

encoding the relative intensity of Gfap expression. Spatial representations in l, m and p are 837 

representative examples of hippocampal slices analyzed to generate the data in n, o, q, and r. 838 

 839 

Figure 6. Schematic representation of the cell population-specific changes induced by TBI 840 

in NSC and NSC-derived cells in the DG. Schematic summary of cell transitions predicted 841 

by RNA velocity in the Control and TBI groups. Black arrows indicate the most probable 842 

transitions of NSCs and NSC-derived cells along neuronal and astrocytic lineages in uninjured 843 

AHN; arrow thickness indicates transition probability. Red +, transition promoted by TBI; Red 844 

-, transition inhibited by TBI; circular arrow indicates cell populations with predicted self-845 

renewal potential (left). Schematic representations of GCL/SGZ/Hilus areas in the DG 846 

indicating the location of NSC-derived neuronal or astrocytic cells determined using Molecular 847 

Cartography spatial transcriptomics in both Control and TBI (right). 848 

 849 
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Figure S1. Gating strategy used for FACS-based purification of GFP+ cells.   850 

Cells were initially selected using Forward and Side Scatter area plots (FSC-A and SSC-A) 851 

(indicated gate). To minimize the amount of small debris collected, care was taken to adjust 852 

the lower limit on the forward scatter (measure of size) axis, although the gate was left wide 853 

enough that smaller cells were still captured. Cell doublets were excluded using forward/side 854 

scatter width vs height plots (FSC-W/FSC-H and SSC-W/SSC-H). Live-dead staining using 855 

Propidium Iodide was used to identify viable cells, which were subsequently separated into 856 

GFP+ and GFP- populations based on fluorescence. Nestin+ cells were retained for further use. 857 

 858 

Figure S2. Cell type assignment based on specific marker gene expression  859 

Gene expression heatmap for higher-order cell types (columns) grouped according to the Seurat 860 

classification shown in Fig. 2a. Color-coding from Fig. 2a is retained. Magenta, low 861 

expression; yellow, high expression, ln-normalized gene expression data is shown. UMAP 862 

representations showing expression patterns of indicated marker genes across cell clusters (b), 863 

color bars indicate relative intensity of expression, SCT normalized values are shown. 864 

 865 

Figure S3. Pseudotime assignment of NSC-derived cell lineages defined by expression of 866 

specific marker genes. Dot-plot graphs indicating the relative expression of marker genes in 867 

NSCs and NSC-derived neuronal (a) and astrocytic (b) populations; scaled SCT normalized 868 

data are shown. Color bars represent relative intensity of gene expression, dot size represents 869 

percentage of cells within an individual cell cluster (identity) expressing the indicated marker 870 

gene (feature). UMAP representations showing NSC-derived neuronal (c) and astrocytic 871 

lineages (d); color bars indicate calculated pseudotime distances from NSCs (yellow: 872 

minimum, red: maximum). 873 

 874 
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 36 

Figure S4. GO biological pathway matrix for the differentially expressed genes in NSC-875 

derived cell populations. Differentially over-represented (red, p<0,05) biological pathways 876 

found in the neuronal (a) and astrocytic (b) lineages. 877 

 878 

Figure S5. Design and validation of probes for spatial transcriptomics. UMAP plots 879 

showing the expression of individual gene markers used for RNAscope validation, across 880 

astrocytic cell clusters, SCT normalized values are shown (a). UMAP representations of the 881 

combined 10X and Molecular Cartography dataset, indicating expression of exemplar marker 882 

genes for the various identified cell populations (b). Example images showing how mRNA 883 

expression detected by the 12 Molecular Cartography probes indicated at the top of each panel 884 

compares to that reported in the Allen Brain Atlas (c), colored bars indicate relative intensity 885 

of gene expression, raw counts are shown. Colored dots indicate individual cells in the dentate 886 

gyrus. 887 

 888 
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