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Single-cell RNA sequencing reveals Nestin+ active neural stem cells
outside the central canal after spinal cord injury
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Neural stem cells (NSCs) in the spinal cord hold great potential for repair after spinal cord injury (SCI). The ependyma in the
central canal (CC) region has been considered as the NSCs source in the spinal cord. However, the ependyma function as NSCs
after SCI is still under debate. We used Nestin as a marker to isolate potential NSCs and their immediate progeny, and
characterized the cells before and after SCI by single-cell RNA-sequencing (scRNA-seq). We identified two subgroups of NSCs:
the subgroup located within the CC cannot prime to active NSCs after SCI, while the subgroup located outside the CC were
activated and exhibited the active NSCs properties after SCI. We demonstrated the comprehensive dynamic transcriptome of
NSCs from quiescent to active NSCs after SCI. This study reveals that Nestin+ cells outside CC were NSCs that activated upon
SCI and may thus serve as endogenous NSCs for regenerative treatment of SCI in the future.
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INTRODUCTION

Tissue injury triggers cell proliferation for repair, which is
critical for the survival of organisms. The newly generated
cells seal the damaged area and replace the lost cells to
maintain organ function. In the central nervous system
(CNS), injury leads to neural stem cells (NSCs) proliferation
and generates neural and non-neural cells. Understanding the
injury induced activated NSCs may help to identify and take
advantage of NSC sources in CNS.
The ependyma in the central canal (CC) region was be-

lieved to host the NSCs in adult spinal cord for a long time
(Hamilton et al., 2009; Hugnot and Franzen, 2011; Meletis et
al., 2008). These NSCs are in low proliferate rate to self-
renew under normal conditions, but they show the potential
to produce astrocytes and oligodendrocytes after spinal cord
injury (SCI). The protein Foxj1 has been used as a spinal
cord ependymal cells marker, which marked the ependymal
cells located in the CC, but studies using different Foxj1
lineage-tracing mice have obtained varying results (Devaraju
et al., 2013; Jacquet et al., 2009; Li et al., 2018a; Muthusamy
et al., 2018; Shah et al., 2018). The ependymal cells from
human Foxj1-CreERT promoter line have been proposed as a
major population of NSCs that give rise to glial cells that
participate in scar formation after SCI (Barnabé-Heider et al.,
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2010). This view has been questioned by tracing with the
knock-in Foxj1CreERT2 line, which showed that the contribu-
tion of Foxj1+ cells to scar-forming is limited (Muthusamy et
al., 2014; Ren et al., 2017). Moreover, clinical samples from
patients with SCI were negative for Ki67 or MCM2 staining
at CC, suggesting that CC cells lacked proliferation ability
(Paniagua-Torija et al., 2018). Contradictory conclusions on
the stemness of the ependyma have also been found in brain
researches (Habib et al., 2016; Luo et al., 2015; Mirzadeh et
al., 2008; Muthusamy et al., 2018; Shah et al., 2018). Al-
though whether ependymal cells are NSCs is controversial,
these studies suggest the existence of another source of NSCs
in spinal cord besides CC cells.
Nestin is a type VI intermediate filament protein and has

been used as a common marker of NSCs/neural progenitor
cells (NPCs) in CNS (Bernal and Arranz, 2018). Previous
research in spinal cord found Nestin+ cells were located in
the CC region (Nomura et al., 2010). The Nestin+ cells from
the CNS can form neutrospheres under proper culture con-
ditions in vitro and are able to differentiate into astrocytes,
oligodendrocytes and neurons (Barnabé-Heider et al., 2010;
Meletis et al., 2008). After SCI, the expression of Nestin is
increased in the ependyma of the spinal cord (Bernal and
Arranz, 2018; Cawsey et al., 2015; Li et al., 2017).
After SCI, NSCs in spinal cord immerse in a complex

niche, mixed with their progeny at distinct developmental
stages. Comprehensive analysis of NSCs and their progeny
biologic mechanism after SCI requires elaborate information
from quantification of molecular properties, such as dynamic
changes of transcriptome. Traditional approaches “normal-
ized” cells, which cannot reflect the heterogeneity of cells
within the tissue (Grün and van Oudenaarden, 2015). It also
failed to trace the transcriptome dynamic changes of NSCs
after SCI in vivo. Single-cell RNA sequencing (scRNA-seq)
can solve these two challenges. It profiles gene expression of
individual cells and thus decoded single cell molecular
profiles which were masked by population level analysis.
Moreover, the traditional systems only use a few of known
markers to define the dynamic process, while scRNA-seq
maps out the developmental trajectory of NSCs at high re-
solution using an unbiased profile of molecular features of
cellular states. Through this cutting-edge technique, we can
draw a dynamic single-cell transcriptome blueprint of NSCs
after SCI.
To bypass the controversy of NSCs property of Foxj1 cells

and capture the potential NSCs in spinal cord of adult mice,
we used Nestin-GFP genetic labeling system to label NSCs
and traced their fate during the acute injury phase (5 days
post injury, pdi) (Yamaguchi et al., 2000). We applied
scRNA-seq to analyze fluorescence-activated cell sorting
(FACS)-purified Nestin-GFP+ cells from adult mice at 0 pdi
(un-injured sample) and 5 dpi. Our study revealed the dy-
namic systematic molecular characterization of adult spinal

cord NSCs after SCI in vivo. Unsupervised bioinformatics
analysis identified two groups of Nestin-GFP+ cells in the
spinal cord: one along with the CC and the other outside the
CC. After SCI, the Nestin-GFP+ cells along CC remained
quiescent, however, the Nestin-GFP+ cells outside CC gained
activated NSCs (aNSCs) properties, including augmented
translation and oxidative phosphorylation capacity. Our data
indicate that the cells outside the CC acted as the aNSCs after
SCI and possessed the ability to differentiate from other cell
types. These findings may help us to further understand
NSCs in the spinal cord, which provide a guideline to ma-
nipulate the NSCs source and boost the functional perfor-
mance of clinical therapy in future regenerative research and
practice.

RESULTS

Nestin-GFP+ cells are quiescent in the intact spinal cord

To seek the spinal cord NSCs and elucidate details of mo-
lecular dynamics of these cells immediately after SCI, we
took advantage of Nestin-GFP transgenic mouse line (Shin et
al., 2015; Yamaguchi et al., 2000) that can trace the Nestin+

cells fate over a short time (Shin et al., 2015). We observed
the GFP expression pattern of the transgenic mice in the
spinal cord by immunofluorescence. Consistent with pre-
vious studies, the immunofluorescence results using anti-
body specific to GFP showed that Nestin-GFP labeled cells
were mainly located in the CC (Figure 1A). Interestingly, a
few Nestin-GFP+ cells were also detected outside the CC
(longitudinal sections, 31.33±2.33 Nestin-GFP+ cells per
100 µm, n=3) (Figure 1A). Transverse sections exhibited
fewer Nestin-GFP+ cells present outside compared with
within the CC, and the cells were mainly located in the grey
matter region (37.33±2.60 Nestin-GFP+ cells per section,
n=3) (Figure 1A, right). Similar to the cells located within
the CC, the Nestin-GFP+ cells outside the CC had two long
processes (Figure 1B–D). Astrocytes and pericytes also ex-
pressed Nestin in the intact spinal cord (Bernal and Arranz,
2018; Göritz et al., 2011). To exclude the possibility that the
observed Nestin-GFP+ cells were astrocytes, we detected the
expression of glial fibrillary acidic protein (GFAP, a well-
known marker for astrocytes) in Nestin-GFP+ cells. Most of
GFAP+ cells were near GFP+ cells in the CC, and only a few
cells were GFAP+GFP+ (GFAP+GFP+ cells/CC GFP+ cells,
approximately 6.06%) (Figure 1D), consistent with the
characteristics of ependymal cells in the CC (Sabelström et
al., 2014). However, the cells outside of the CC were nega-
tive for GFAP (Figure 1B), suggesting that astrocytes con-
tributed minimally to Nestin-GFP+ cells in adult Nestin-GFP
mice. We also examined the proliferation ability of Nestin-
GFP+ cells in intact spinal cord under normal condition. Only
a few of Nestin-GFP+ cells stained with Ki67 (approximately
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8.16% Ki67 cells/CC GFP+ cells) (Figure 1D and E). This
result indicated that Nestin-GFP+ cells were mostly quies-
cent in the intact spinal cord.

Nestin+ cells are activated after spinal cord injury

Next, we investigated the response of Nestin-GFP+ cells after
SCI. Mice were randomly divided into two groups. One
group received a 1 mm midline incision at the level of T8–
T10 of the spinal cord, and spinal cords were collected the at
5 pdi. This group of samples was referred as 5 pdi samples.
Another group of un-injured samples was referred as 0 pdi
samples. Compared with the number of GFP+ cells in the
intact spinal cord, GFP+ cells expanded near the lesion area
at 5 pdi (Figure 2A). Qualitative analysis within 1 mm rostral
and caudal to the lesion site of the spinal cord showed an
increase in the proportion of Nestin-GFP+ cells from ap-
proximately 8.52% to 13.75%. Nestin-GFP+ cells also ex-
hibited dramatic morphology changes around the lesion area
after SCI. At 0 dpi spinal cord, these cells protruded two long
and thin processes, which were similar to radial glial cells
(Figure 2B). However, near the lesion core, some of Nestin-
GFP+ cells underwent shape transformation by 5 pdi. The
shapes of these cells were varied, but all exhibited two
common features, hypertrophy and thickening process
(Figure 2B).
Then, we investigated the origin of the newly appeared

Nestin-GFP+ cells at 5 pdi after SCI. If Nestin-GFP+ cells in

the CC are the source of NSCs, they would be activated and
proliferated after SCI, migrated to the lesion site and parti-
cipated in scar formation (Barnabé-Heider et al., 2010;
Meletis et al., 2008). This would likely result in a gradient
concentration of Nestin-GFP+ cells along with the CC, with
the CC area containing more Nestin-GFP+ cells than the area
outside of the CC. However, no such gradient pattern was
detected (Figure 2A and B). In contrast, the decreasing
density of Nestin-GFP+ cells was observed along the distance
from the lesion site. The results indicated that the newly
appeared Nestin-GFP+ cells outside the CC likely originated
from outside the CC rather than from Nestin-GFP+ cells in
the CC. We tested this hypothesis by using bromodeoxyur-
idine (BrdU) assay. Mice were injected with BrdU im-
mediately after SCI and repeated every 6 h for 3 d (Figure
2C). Remarkably, Nestin-GFP+ cells were labeled with BrdU
at 5 pdi (Figure 2D) (Ren et al., 2017). Nestin-GFP+ cells
outside the CC had a higher proliferation rate than the cells in
the CC near the lesion location (Figure 2E). This finding
suggested that Nestin-GFP+ cells possessed proliferation
ability after SCI.

Single cell transcriptomics of Nestin-GFP+ cells
after SCI

To understand the dynamics of Nestin-GFP+ cells at the
molecular level during the acute phases after SCI in vivo, we
performed scRNA-seq using Nestin-GFP+ cells isolated from

Figure 1 Distribution of Nestin-expressing cells in intact spinal cord in adult Nestin-GFP mice. A, Nestin expression cells are identified by GFP
immunofluorescence. (Left) Longitudinal section showing GFP+ cells (green) lines along with the CC, with some cells outside the CC. (Right) Transversal
section of Nestin-GFP mice showing GFP+ cells (green) locate in CC. Scale bars, 100 µm. B–D, Validation of quiescent status of GFP+ cells by im-
munofluorescence. B, GFP+ cells (green) are closely associated with GFAP+ cells in CC (red), the GFP+ cells outside the CC are GFAP- cells. C, Longitudinal
section stained with GFP (green) and Ki67 (red). Spare of GFP+ cells are GFP and Ki67 co-immunoreactivity. D, The percentage of GFP+ cells with GFAP or
Ki67 immunostaining. Scale bars, 50 µm.
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Nestin-GFP mice at 0 and 5 pdi by FACS. scRNA-seq li-
braries were constructed for each cell via Smart-seq2 strat-
egy (Figure 3A) (Picelli et al., 2014). We performed two
independent batches of scRNA-seq experiments (batch 1:
145 cells from 0 pdi and 132 cells from 5 pdi samples; batch
2: 73 cells from 0 pdi and 137 cells from 5 pdi samples).
Both sets of data showed similar results (Figure S1 in Sup-
porting Information). The sequencing metrics for the pooled
library and quality control measures indicated that the li-
braries were of good quality (Figure S1 in Supporting In-
formation). Reads were evenly distributed throughout the
whole span of transcripts. Low-quality cells with <300 de-
tected genes and cells with >12,000 detected genes were
excluded (Figure S1 in Supporting Information). We ob-
tained a total of 474 scRNA-seq datasets with good quality.
To catalog the major cell types of the 0 and 5 pdi Nestin-
GFP+ cells, we performed UniformManifold Approximation
and Projection (UMAP) analysis using Seurat3 and identi-

fied 3 subclusters: 0, 1 and 2. Notably, cluster 0 and cluster 1
groups could not be clearly segregated on the plot of prin-
cipal component analysis (PCA) (Figure 3B), but nearly all
of the cluster 1 cells were from 5 pdi samples. The results of
two biological replicates over two-time points were con-
cordant (Figure S2 in Supporting Information).
To classify each cell cluster unbiasedly, we identified three

subclusters by gene ontology (GO) analysis of the differen-
tially expressed genes (Figure 3C). The cluster 0 enriched in
a number of markers identified in quiescent NSCs (qNSCs),
including Sox9, S100b, Clu, Gja1 and Id4 (Figure 3C; Figure
S3A in Supporting Information) (Dulken et al., 2017; Llo-
rens-Bobadilla et al., 2015; Shah et al., 2018). This cluster
also expressed ependymal markers, such as Ccdc153, Mia,
Foxj1 and Tm4sf1 (Figure 3; Figure S3A in Supporting In-
formation), in accordance with previous reports indicating
that qNSCs shared a number of genes with the ependyma
(Chen et al., 2017; Shah et al., 2018). Although the cluster 1

Figure 2 NSCs are activated after SCI. A, GFP+ cells were increased in the acute phase after SCI. (Left) Distribution of GFP+ cells (green) before SCI in
adult Nestin-GFP mice. (Right) Distribution of GFP+ cells (green) at 5 pdi of SCI in adult Nestin-GFP mice. The histogram shows the quantification of the
GFP+ area (green)/DAPI area (blue). *, P<0.05; **, P<0.01; Student’s t test. Scale bars, 100 µm. B, Morphology of GFP+ cells. (Left) The morphology of
GFP+ cells (green) outside of the CC at 0 pdi. The cells were characterized by two long extending processes. (Right) The morphology of GFP+ cells (green)
adjacent to the lesion site at 5 pdi. The GFP+ cells (green) exhibited hypertrophy and thickening process. Scale bars, 50 µm. C, A schematic diagram of BrdU
injection. Mice were injected with BrdU every 6 h for 3 d after SCI. D and E, Validation of the proliferation ability of GFP+ cells. Immunoreacitivity was
detected at 5 pdi in longitudinal sections. BrdU (red) staining in spinal cord at 5 pdi showed that GFP+ (green) cells in and outside the CC were proliferated
after SCI. Cells in both locations have the proliferation property of NSCs. Red square presented the GFP+ cells in the CC area. Yellow square presented the
GFP+ cells outside of the CC area. *, P<0.05; **, P<0.01; Student’s t test. Left scale bars, 250 µm, Right scale bars, 50 µm; In: cells in CC; Out: cells out of
CC.
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Figure 3 scRNA-seq analysis of Nestin-GFP+ cells after SCI. A, Flowchart of scRNA seq. Nestin-GFP mice were sacrificed to isolate GFP+ cells via
FACS. Then using Smart2-seq strategy to construct libraries. B, PCA plot shows that the Nestin-GFP+ cells were clustered into three populations. (Left) 0 and
5 pdi Nestin-GFP+ cells in the PCA plot. C, Gene expression profiles of selected marker genes. D and E, MCA analysis of 0 and 5 pdi Nestin+ cells. The X-
axis indicates the single cells which were analyzed. The Y-axis indicates the cell type in MCA. The 0 pdi cells show high similarity to ependymal cells (D).
Some of 5 pdi cells remain characteristics of ependymal cells, but some show the intermediate status to other types of cells (E).
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group still expressed Sox9, S100b and Clu, the expression
levels were much lower than those in cluster 0. The cluster 1
group highly expressed the previously reported aNSCs
marker Rpl32 (Figure S3B in Supporting Information)
(Dulken et al., 2017). The aNSCs markers Cdk1 and Ccna2,
which are related to the cell cycle pathway were also de-
tected in these 5 pdi Nestin-GFP+ cells (Figure S3B in
Supporting Information).
The small bunch of cluster 2 cells was enriched with en-

dothelial markers, such as Cd34 and Flt1 (Figure 3C; Figure
S3C in Supporting Information). We also detected some other
markers in Nestin-GFP+ cells, however, the expressions of
oligodendrocyte progenitor cells (OPCs) maker Sox10, mi-
croglia marker Cx3cr1 and neuron marker Tubb3 in these cells
were quite low or even undetectable (Figure 3C). Cluster 2
cells were therefore defined as endothelial cells.
To reveal the diversity of Nestin+ cells during SCI, we

uploaded our data and referenced with the Mouse Cell Atlas
(MCA) database (http://bis.zju.edu.cn/MCA/). Comparison
of the scRNA-seq dataset with the MCA database showed
that 0 pdi Nestin-GFP+ cells were highly homogenous
(Figure 3D). Their gene expression pattern conformed to the
ependymal cell type in MCA database, except for the cluster
2 cells, which fitted into endothelia. The heterogeneity of
Nestin-GFP+ cells increased at 5 pdi. Approximately half of
the cells retained ependymal cell characteristics. The other
half of the cells began to at the intermediate states of turning
into other cell types, including astrocytes, radial glia cells,
neurons and oligodendrocytes, however, these cells still ex-
hibited largely the ependymal cell like properties (Figure
3E). Comparison of 5 pdi cells with those in the MCA da-
tabase demonstrated several types of cell identities sug-
gesting their multipotency, while the multi-phase of the cells
suggested intermediate states in the continuum between
Nestin-GFP+ cells and their immediate progeny.
Based on classical marker expression analysis, MCA

analysis, and the top 15 markers in each cell population
(Figure S4A in Supporting Information), the three clusters
were assigned into qNSCs (cluster 0), aNSCs (cluster 1) and
endothelial cells (cluster 2). Although analysis of endothelial
cells would be interesting (Klein et al., 2003), we focused on
the NSCs properties of Nestin-GFP+ cells in this study and
therefore did not investigate the endothelial cells further.
Based on these observations, we concluded that after SCI,
qNSCs were activated to proliferate after SCI and initiated
the process to differentiate into different lineages, including
astrocytes, radial glia cells, neurons and oligodendrocytes.

Nestin-GFP+ cells are primed to aNSCs at 5 pdi
after SCI

MCA analysis indicated that the plasticity of Nestin-GFP+

cells was increased after SCI. We therefore sought to validate

the reliability of our analysis and the plasticity of Nestin-
GFP+ cells after SCI. The top 12 variable genes of aNSCs are
shown in Figure 4A. Rpl13a, Rps15a and Rpl22l1 are im-
portant genes for ribosomal biogenesis, and were upregu-
lated in aNSCs. This was in accordance with previous studies
that demonstrated upregulation of ribosomal biogenesis
genes during the transition from qNSCs to aNSCs (Chen et
al., 2017; Shin et al., 2015). Among these genes, we found
that Lgals1 (encoding Galectin-1) and S100a6 were highly
expressed in 5 dpi samples (Figure 4A, B and D). We also
explored temporal changes in gene expression of Nestin-
GFP+ cells after SCI by Monocle. Unsupervised clustering
by Monocle identified covarying genes expressed over
pseudotime across the Nestin-GFP+ cells. Pseudotime ana-
lysis indicated that Lgals1 and S100a6 were upregulated
with pseudotime (Figure 4C and E). We verified the relia-
bility of the scRNA-seq results and Monocle prediction by
immunofluorescence to examine the expression patterns of
Lgals1 and S100a6 at 0 and 5 pdi. Galectin-1 or S100a6
positive cells were undetectable in the 0 dpi spinal cord, but
were detected in 5 pdi Nestin-GFP+ cells (Figure 4F and G).
Galectin-1 is a carbohydrate-binding protein that promotes
the proliferation of adult NSCs (Sakaguchi et al., 2006; Sa-
kaguchi et al., 2007). S100a6 is a novel marker of NSCs and
astrocyte precursors (Yamada and Jinno, 2014) and its ex-
pression is increased after injury induced activation of
qNSCs in the brain (Llorens-Bobadilla et al., 2015). The high
level of expression of these genes in the 5 dpi cells also
indicated that some of the qNSCs were activated.
Besides, other lineage-prone markers were also detected in

the aNSCs cluster. We detected the increased expression of
Tmsb4x in the aNSCs cells, which has been reported as a
mediator regulating oligodendrocyte differentiation (Figure
S5A in Supporting Information) (Santra et al., 2012). Ex-
pression of the neural progenitor marker Fabp7 was also
increased in aNSCs cells (Figure 3B), suggesting that the
aNSCs possessed an intrinsic neurogenesis ability (Matsu-
mata et al., 2012; Petit et al., 2011).
Our data indicated that after SCI, qNSCs shunted to aNSCs

and expressed several lineage-prone markers.

Systematic molecular signatures show Nestin+ cells are
activated after SCI

The majority of varied genes among the three clusters were
non-coding RNA. Because of the lack of references and
unknown functions of these non-coding RNA, we filtered
these out and focused on analyzing coding genes. To gain
biological insight into these gene expression patterns, we
performed GO analyses of the subpopulations of the cells
(Figure 5A and B). Upregulated genes in aNSCs were as-
sociated with ribosome synthesis and oxidative phosphor-
ylation. Similar results were obtained by Kyoto
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Figure 4 The plasticity of Nestin-GFP+ cells after SCI. A, Gene expression profiles of the top 12 marker genes of aNSCs. Most of the genes are involved in
oxidative phosphorylation and ribosome synthesis. B and C, Prediction of gene expression pattern of Lgals1 over pseudotime. Vlnplot of expression pattern
shows Lgals1 expression probability distributions across clusters qNSCs and aNSCs at 0 and 5 pdi (B). Lgals1 expression pattern over pseudotime (C). D and
E, Prediction of the gene expression pattern of S100a6 over pseudotime. Vlnplot of expression pattern shows S100a6 expression probability distributions
across clusters qNSCs and aNSCs at 0 and 5 pdi (D). S100a6 expression pattern over pseudotime (E). F and G, Validation of the gene expression patterns of
Lgals1 and S100a6 over pseudotime. Immunofluorescence of Lgals1 at 0 and 5 pdi (F). Immunofluorescence of S100a6 at 0 and 5 pdi (G). Scale bars, 50 µm.

301Shu, M., et al. Sci China Life Sci February (2022) Vol.65 No.2



Encyclopedia of Genes and Genomes (KEGG) analysis
(Figure S4B in Supporting Information). Although the
pathways were related to some diseases, the genes were still
associated with the oxidative phosphorylation pathway. We
also examined the genes that were downregulated in aNSCs,
which were associated with microtubule motor activity
(Figure 5B). Previous research showed that the oxidative
phosphorylation pathway was activated and ribosomal ac-
tivity increased in adult NSCs during the neurogenesis pro-

cess (Chen et al., 2017; Llorens-Bobadilla et al., 2015; Shin
et al., 2015). To further validate that the Nestin-GFP+ cells
were NSCs, we tested the ability of these cells to form
neurospheres in vitro. Both 0 and 5 pdi Nestin-GFP+ cells
gave rise to neutrospheres and could be serially passaged.
Neurospheres from 5 pdi Nestin-GFP+ cells appeared faster,
and the size of them were larger than the 0 pdi neurospheres
(Figure S6 in Supporting Information). These data support
that Nestin-GFP+ cells have adult NSCs properties and can

Figure 5 Functional characterization of regulated genes in aNSCs. A, GO term analyses for the cluster-specific upregulated gene biological functions. The
top GO terms were selected for each-type-specific gene signature. B, GO term analyses for the cluster-specific downregulated gene biological functions. The
top GO terms were selected for each-type-specific gene signature.
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be activated after SCI.

Nestin-GFP+ cells outside the CC are activated during
the acute stage after SCI

According to our scRNA-seq data, the expression of
Ccdc153 resembled to the expression of Foxj1, but Ccdc153
expression level was more stable than that of Foxj1 in the 0
and 5 pdi samples (Figure 6A). Several recent scRNA-seq
data showed that Ccdc153 is a specific ependymal cell
marker (Chen et al., 2017; Shah et al., 2018). Although Foxj1
is a well-accepted ependymal cell marker, the MCA database
showed that it can be found in astrocytes and oligoden-
drocytes (Figure S7 in Supporting Information). In MCA
database, Ccdc153 expression is more specific in ependymal
cell than Foxj1 (Figure S7 in Supporting Information),
suggesting Ccdc153 is a better marker than Foxj1 to label
ependymal cells. To test whether Ccdc153 can label spinal
cord ependymal cells, we detected Ccdc153mRNA by using
RNAscope. As expected, Ccdc153mRNAwas located along
with the CC at 0 and 5 pdi (Figure 6B and C). Next, we used
Ccdc153 as a marker to separate cells along and outside the
CC, and investigated the features of the Nestin-GFP+ cells
along the CC at 0 and 5 pdi. MCA analysis showed that the
CC cells at 0 and 5 pdi CC cells were quite similar to each
other. However, the Nestin-GFP+ cell outside the CC from 5
pdi samples demonstrated several types of cell identities,
which suggested that the plasticity of Nestin-GFP+ cell
outside the CC were increased after SCI (Figure 6D and E).
We carried out neurosphere assay using cells from the 5 pdi
spinal cord. Neurospheres derived from 5 pdi cells from
outside the CC formed faster and were larger than the neu-
rospheres derived from 0 pdi samples. CC cells are con-
sidered as NSCs in spinal cord. To exclude the effects of CC
cells in our analysis, we eliminated the CC cells and per-
formed the neurospheres assay by using 5 pdi spinal cord.
The number and size of neurospheres were not significantly
affected after removing CC cells (Figure S6B in Supporting
Information). This result illustrated that Nestin-GFP+ cells
outside the CC were activated NSCs. To examine the Nestin-
GFP+ cells fate over a short time, we immunostained the 5
pdi spinal cord samples with GFAP and Olig2. The Nestin-
GFP+ cells in the CC expressed GFAP. Near the lesion center,
some of Nestin-GFP+ cells were stained with GFAP, and only
a few of the cells were stained with Olig2 (Figure S6D in
Supporting Information), suggesting the Nestin-GFP+ cells
have the ability to shunt to astrocytes and oligodendrocytes
after SCI in vivo.
We then performed GO analysis to further understand the

different systematic molecular signatures between Nestin-
GFP+ cells outside and within the CC at 5 pdi. The down-
regulated genes were involved in cilium organization and
cell polarity (Figure 6F and G). Quiescent ependymal cells

are enriched in genes involved in ciliogenesis (Ghazale et al.,
2019) and polarity related to NSCs differentiation (Arai and
Taverna, 2017; Fietz and Huttner, 2011), thus, the down-
regulation of ciliogenesis and polarity genes suggested ac-
tivation of the qNSCs. The upregulated genes were involved
in cytoplasmic translation, ribosome biogenesis, cell-sub-
strate adhesion, cell cycle phase transition, oxidative phos-
phorylation and gliogenesis (Figure 6H and I). These
changes are the hallmarks of NSCs activation (Chen et al.,
2017; Shin et al., 2015), and their upregulation indicated a
shift from qNSCs to aNSCs (Chen et al., 2017; Llorens-
Bobadilla et al., 2015; Shin et al., 2015). The GO results
suggested that the cells outside the CC, rather than the
Nestin-GFP+ cells along with the CC, were the aNSCs after
SCI.

DISCUSSION

Understanding the injury induced aNSCs would help us to
identify and exploit NSCs sources in the spinal cord. In our
study, we purified NSCs from Nestin-GFP transgenic mice
and traced the lineage of the immediate progeny of Nestin-
GFP+ cells during the acute phase after SCI (Shin et al.,
2015; Yamaguchi et al., 2000). Some Nestin-GFP+ cells were
scattered outside the CC in the intact spinal cord and Nestin-
GFP+ cells were homogeneous before SCI. However, the
heterogeneity of these cells increased dramatically at 5 pdi,
with the Nestin-GFP+ cells outside the CC acquiring differ-
entiation ability. The cells did not show transcriptional si-
milarity to only one cell type but to multiple cell types.
Oxidative phosphorylation related genes and ribosomal
subunits related genes were upregulated in these cells. These
phenomena are the hallmarks of adult NSCs activation
(Beckervordersandforth et al., 2017; Llorens-Bobadilla et al.,
2015; Shin et al., 2015; Xu et al., 2013). The G1 to S tran-
sition is another important sign of the progression of qNSCs
to aNSCs (Dulken et al., 2017; Shin et al., 2015). The genes
involved in the cell cycle phase transition and the G1/S
checkpoint regulator p53 were highly expressed in aNSCs
(Figure S5B in Supporting Information) (Fu et al., 2019;
Senturk and Manfredi, 2013). These results suggested that
Nestin-GFP+ cells outside the CC escaped from the dormant
fate and became aNSCs after SCI.
NSCs in the brain are distinct from ependymal cells (Shah

et al., 2018), indicating that there is likely to be another
source of NSCs in the spinal cord besides ependymal cells in
the CC. Indeed, a potentially novel adult spinal cord NPCs
has been discovered in the adult spinal cord, which shares
some classic NSC genes with the CC and subventricular zone
(Petit et al., 2011). In our study, the Nestin+ cells outside the
CC demonstrated the properties of aNSCs, including pro-
liferation and differentiation abilities. Whether Nestin-GFP+
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cells outside the CC contribute to the scar forming and
whether their ultimate fate is related to the spatial location
are interesting questions for further exploration.
We detected some reactive astrocyte markers Ctnnb1,

Axin2, Plaur, Mmp2 and Mmp3 in our samples (Hara et al.,
2017) and found that a few of cells in 5 dpi samples highly

expressed these markers (Figure S5C in Supporting In-
formation). Furthermore, these cells highly expressed the
aNSC markers. Therefore, we speculated that some Nestin-
GFP+ aNSCs captured in the 5 pdi samples probably origi-
nated from active astrocytes.
A lack of accurate and efficient approaches has limited the

Figure 6 Comparation of molecular mechanisms of Nestin+ cells within/outside the CC during acute stage following SCI. A, Gene expression profiles of
Foxj1 and Ccdc153. B and C, Validation of co-labeling for Gfp and Ccdc153 using fluorescence in situ hybridization. B shows the result in 0 pdi sample. C
shows the result in 5 pdi sample. Scale bars, 50 µm. D and E, MCA analysis of 5 pdi Nestin-GFP+ cells in and out of the CC. Nestin-GFP+ cells in the CC
show high similarity to ependymal cells (D). Nestin-GFP+ cells out of CC show intermediate status to other types of cells (E). F and G, Functional GO
analysis for downregulated genes (F). The terms that share more than five enriched genes are connected with a line (G). H and I, Functional GO analysis for
upregulated genes (H). The terms that share more than five enriched genes are connected with a line (I).
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prospective insights from studies of adult NSCs in the spinal
cord. Foxj1, a well-accepted ependymal marker, is a tran-
scription factor involved in motile ciliogenesis (Yu et al.,
2008). Previously, the conclusion that ependymal cells in the
CC were NSCs was obtained by using human Foxj1-CreER
line to trace the fate of NSCs in adult spinal cord. The Foxj1
labeled cells migrated to the injury location and contributed
to the scar formation (Barnabé-Heider et al., 2010; Becker et
al., 2018; Devaraju et al., 2013; Li et al., 2018a; Muthusamy
et al., 2014). However, recently, other groups used a knock-
in Foxj1-CreER strain and got faithful ependymal-derived
cells which remained the endogenous Foxj1 locus after SCI
and their contribution to scar formation was very limited
(Muthusamy et al., 2014; Muthusamy et al., 2018; Ren et al.,
2017). Foxj1 could also be detected in a subset of neurogenic
cells (Jacquet et al., 2009; Li et al., 2018a). In addition, the
MCA analysis result showed that Foxj1 can be detected in
some astrocytes and oligodendrocytes. Overall, these studies
elucidated that Foxj1 is not a specific ependymal marker, and
a more specific ependymal marker is therefore required.
In our scRNA-seq analyses, Ccdc153 was specifically

detected in ependymal cells, and its expression level was
stable in the 0 and 5 pdi samples. We verified the expression
of Ccdc153 by RNAscope, which is a more sensitive tech-
nique than immunostaining (Wang et al., 2012). Ccdc153
was exclusively expressed in the CC before and after SCI.
Furthermore, several independent groups identified Ccdc153
as a specific ependymal marker (Chen et al., 2017; Shah et
al., 2018). Therefore, Ccdc153 is a better ependymal cells
marker than Foxj1, and Ccdc153-CreER can be a better tool
to analyze ependymal cell features in the future.
Our scRNA-seq data captured the transition status of

aNSCs, which demonstrated that activated Nestin-GFP+

cells started to express genes that specific to astrocytes,
radial glia cells, neurons and oligodendrocytes. To further
test the NSCs properties of these cells, we performed dif-
ferentiation assays. After 7 d of differentiation culture,
19.67%±1.45% of cells per visual field were positively
stained for the astrocytes marker GFAP and 3.63%±0.23%
of cells per visual field were positively stained for the
newborn neuron marker Tuj-1, confirming that Nestin-
GFP+ cells were aNSCs that could be isolated from injured
adult mouse spinal cords and that have the potential to
differentiate into neurons in vitro (Figure S6C in Support-
ing Information) (Li et al., 2018b; Li et al., 2019). We
compared the 0 and 5 pdi transcriptomic profiles with a
previously published developmental dataset of neural pro-
genitors. The transcriptomic profiles from the 5 pdi Nestin-
GFP+ cells showed a significant correlation with the em-
bryonic neural progenitor dataset (Figure S6E in Support-
ing Information) (Delile et al., 2019). Previous research
suggested that NSCs in the spinal cord only had a glial fate,
and no neuronal fate in vivo. Although the immature neuron

marker DCX and mature neuron marker Tubb3 were rarely
detected in Nestin-GFP+ cells in vivo, our data showed that
neural progenitor marker Fabp7 was increased in aNSCs.
We cannot rule out the possibility that the aNSCs can de-
velop into neurons. Because Nestin was only expressed in
NSCs/NPCs and mature neurons do not continue expressing
the protein, we were unable to capture the immature or
mature neuron in our mice. Further studies are therefore
needed to isolate Nestin+ cells from Nes-CreERT2 mice to
determine whether the aNSCs can turn into neurons.
Overall, our single-cell transcriptome analysis revealed a

novel group of Nestin-GFP+ cell located outside the CC in
the adult spinal cord. Instead of the quiescent feature of
Nestin-GFP+ cells in the CC, these cells showed notable
aNSCs properties, and were highly heterogenous after SCI.
This study paves the way for further dissection of Nestin+

cells following SCI, and may lead to improved approaches
for regenerative treatment after SCI.

MATERIALS AND METHODS

Surgical procedures

All surgeries were performed under the Chinese Ministry of
Public Health Guidelines and US National Institutes of
Health Guidelines for the care and use of animals. Adult
mice of both sexes (8–10 months of age) were used for ex-
periments. Laminectomy of a single vertebra was performed
and 1 mm midline incision was made at the level of T8–T10
of the spinal cord. All animals received analgesic prior to
wound closure and every 12 h for at least 48 h post-injury.
After the operation, mice received antibiotics treatment for
3 d (Shen et al., 2020; Xue et al., 2021).

Fluorescence-Nestin cell sorting

Nestin-GFP transgenic mouse line (C57BL/6) was used for
FACS (BD FACSAria II, USA). The cells expressed GFP
under the Nestin promoter (Yamaguchi et al., 2000). To
obtain the GFP cells, T6–T10 of the spinal cord were col-
lected from 6- to 8-week old mice, chopped into ~1 mm3

pieces and incubated with Accutase (Sigma-Aldrich, USA)
for 15 min. The reaction was stopped with equal volume of
phosphate-buffered saline (PBS) and the mixture was then
filtered with 40 µm nylon cell strainer to obtain a single cell
suspension. Cellular debris and dead cells were removed by
centrifugation at 500×g for 3 min. The pellet was dissolved
to a concentration of 1,000 cells per µm in DMEM: F12
medium (Gibco, USA) containing N2 supplement (Life
Technologies, USA). FACS was performed using a 488 nm
laser for GFP excitation and 530/30 nm for filtering. Filtered
cells were stored in 96-well plates containing lysis buffer
(0.2% (vol/vol) Triton X-100 and 2 U µL−1 RNase inhibitor).
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Immunohistochemistry

Spinal cords were perfusion-fixed with 4% paraformalde-
hyde (PFA) at 4°C overnight. Then the samples were in-
cubated in 30% sucrose (Vetec, USA), and embedded in
OCT compound (Sakura, USA). Sections (15 µm) were
prepared using a cryostat (Leica, Germany) and stored at
−80°C until further use. Sections were blocked with 5%
bovine serum albumin (Sori) with 0.2% Triton X-100 (Sig-
ma-Aldrich) for 1 h at room temperature. Then, the sections
were incubated with primary antibody (1:500) at 4°C over-
night. The primary antibodies used are listed in Table S1 in
Supporting Information. After three rinses in PBS, sections
were incubated with Alexa Fluor (488, 568, 648)-conjugated
secondary antibodies (1:500; Invitrogen, USA) for 1 h in-
cubation at room temperature. Slides were imaged by con-
focal microscope (Leica SP8).

In situ hybridization

Nestin-GFP mice (8–10 weeks old) were euthanized with an
overdose of sodium pentobarbital and then perfused with
PBS and then spinal cords were incubated with 4% PFA for
24 h and subsequently equilibrated in 30% sucrose at 4oC for
24 h. The samples were imbedded in OCT compound for
storage at −80oC. Frozen sections (10 µm) were cut and
RNAscope (ACD) was used for in situ hybridization fol-
lowing the manufacturer’s protocol. Slides were imaged by
confocal microscopy (Leica SP8).

BrdU and BrdU-labeled section immunostaining

BrdU (Sigma-Aldrich) was dissolved in PBS. SCI mice were
administered BrdU by intraperitoneal injections every 6 h at
100 mg kg−1 per injection for 3 d, starting immediately after
SCI surgery. Frozen sections were prepared as described
above. DNA hydrolysis step was required before standard
immunostaining process. Sections were incubated in
1 mol L−1 HCL for 30 min at 37°C, neutralized with 0.1 mol L−1

sodium borate buffer for 10 min at room temperature, and
then washed three times with PBS for approximately 5 min
each. The sections were then subjected to standard im-
munostaining protocols.

Workflows of Smart-seq2

Smart-seq2 for transcriptome analysis of single cells was
adapted as described previously (Picelli et al., 2014). Briefly,
the procedure includes the following seven steps: (i) cell
lysis, (ii) reverse transcription, (iii) template switching, (iv)
PCR preamplification of cDNA, (v) tagmentation by Tn5,
(vi) gap repair, enrichment PCR and PCR purification, and
(vii) sequencing. cDNA amplification of GFP+ cells was

involved 22 PCR cycles. Tagmentation was using True-
Prep™DNA Library Prep Kit V2 for Illumina® (Vazyme,
Nanjing, China). Sequencing was performed using Illumina
NextSeq 500 system. Each cell library was sequenced to an
average depth of 2 million total reads.

NSC cultures and differentiation

Spinal cord cells were dissociated and neurosphere cultures
were performed according to previously described protocols
(Meletis et al., 2008). Cells were isolated from the spinal
cords of three mice in each group. Single recombined neu-
rospheres were picked, dissociated, and plated in a 24-well
plate. Clonally derived secondary neurospheres were col-
lected for continuous passaging and then for plating in poly-
D-lysine-coated plate. After 4 h in NSC culture condition,
immunocytochemistry was performed with antibodies de-
scribed in the Supplemental Information. For differentiation,
neurospheres were dissociated to single cells and re-
suspended in adhesion medium containing 10% FBS. After
24 h culture, the cells were plated on poly-D-lysine-coated
plate by differentiation medium containing 2% B27 in
DMEM/F12 medium.

Single cell RNA-seq processing

BCL basecall files were generated from the Illumina MiSeq
instruments. We used bcl2fastq (Version 1.8.4) program to
combine these per-cycle BCL files from a run and translates
them into FASTQ files. At the same time as converting,
bcl2fastq also separated multiplexed samples into single
cells according to the barcodes. Sequencing quality and
adapter-contamination were checked by FastQC. Raw se-
quencing reads were trimmed to remove the adapter-con-
taminated and low-quality reads using Trimmomatic
(Version 0.36). Gene expression of each single cells was
quantified using Salmon (version 0.8.1) with parameters “-l
A –seqBias –gcBias –posBias”. Finally, all read counts of
each genes of each single cell were aggregated to generate
gene expression counts table.
R package Seurat (version 3.1.1) was used for data pre-

paration and downstream analysis (Butler et al., 2018; Stuart
et al., 2019). rRNA genes have been removed because they
were irrelevant to the study. Cells with <2,000 features or
>12,000 features have been filtered out because too low or
too high gene features are more likely to be incomplete cell
samples or multiple cell samples, respectively. In addition,
cells with a high percentage (above 30%) of mitochondrial
gene expression, regarding as dying cells, have also been
removed from the expression matrix. Based on the PCA
results, the first eight dimensions are selected for further
clustering. Default functions from the Seurat package have
been used to find neighbors and cluster cells with a resolu-
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tion of 0.2. All clustering results were visualized by using the
UMAP dimension reduction technique. GO and KEGG
analysis have been done with R package clusterProfiler (Yu
et al., 2012). The cell sampled in cluster 2, which was
identified as epithelia, was excluded from further study on
CC and pseudotime analysis.
To investigate the gene expression pattern around CC and

away from the CC, cell samples without cluster 2 cells have
been divided into four groups corresponding to Ccdc153
expression level and time points. Specifically, the cutoff for
Ccdc153 expression level was 0.1 transcripts per million
(TPM) which was chosen confidently based on the dis-
tribution of the gene expression level across all samples.
Pseudotime analysis was carried out using new version of

Monocle3 R package has be utilized and default parameters
were applied (Trapnell et al., 2014).

Correlation with a previously published embryonic da-
taset

We aggregated the single-cell data to pseudobulk data, and
then normalized the 0 and 5 pdi datasets. The GO ranked
gene expression terms were shown as log-transformed fold
changes. These were derived by comparing our 0 and 5 pdi
Nestin-GFP+ cells datasets with that of embryonic day 9.5–
13.5 neural progenitors (Delile et al., 2019).

Data availability

The datasets generated and analyzed during the current study
are available in the BIGD (National Genomics Data Center,
Beijing Institute of Genomics, Chinese Academy of Sci-
ences) database under the bioproject accession code:
PRJCA003115.
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