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An ependymal cell census identifies heterogeneous
and ongoing cell maturation in the adult mouse
spinal cord that changes dynamically on injury
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heterogeneous population of ependymal
cells in the adult mouse spinal cord.
Computationally and using spinal cord
injury assays, they identify immature cells
as potential spinal cord stem cells and
uncover widespread cell maturation and
altered cell identities in the human adult
spinal cord.

e Single-cell transcriptomic profiling of adult mouse spinal cord
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SUMMARY

The adult spinal cord stem cell potential resides within the ependymal cell population and declines with age.
Ependymal cells are, however, heterogeneous, and the biological diversity this represents and how it
changes with age remain unknown. Here, we present a single-cell transcriptomic census of spinal cord epen-
dymal cells from adult and aged mice, identifying not only all known ependymal cell subtypes but also imma-
ture as well as mature cell states. By comparing transcriptomes of spinal cord and brain ependymal cells,
which lack stem cell abilities, we identify immature cells as potential spinal cord stem cells. Following spinal
cord injury, these cells re-enter the cell cycle, which is accompanied by a short-lived reversal of ependymal
cell maturation. We further analyze ependymal cells in the human spinal cord and identify widespread cell
maturation and altered cell identities. This in-depth characterization of spinal cord ependymal cells provides

insight into their biology and informs strategies for spinal cord repair.

INTRODUCTION

Ependymal cells are ciliated cells lining the brain ventricles and
the spinal cord central canal and key components of the ventric-
ular-subventricular zone and central canal stem cell niches.'™
Although it is well established in the adult mouse brain that epen-
dymal cells are postmitotic and the neural stem cell potential
resides within subependymal adult neural stem cells,” '° some
spinal cord ependymal cells can behave as neural stem cells.
From axolotls and zebrafish to mice, spinal cord ependymal cells
can self-renew and generate specialized cells after injury and
in vitro."""?* However, the ability to repair the spinal cord varies
greatly between species and spinal cord injuries continue to
lead to permanent disability in mice and humans.*?>° In mice,
ependymal cells generate mostly scar-forming astrocytes and a
few oligodendrocytes following spinal cord injury. Although
ependymal-derived astrocytes are essential to prevent further
damage,’” oligodendrocytes are not replaced in sufficient
numbers, new neurons are not generated, and function is not
restored.'""'*?® Ependymal cells in the human spinal cord have
not been observed proliferating’**°° but do display neural
stem cell characteristics when cultured in vitro.''®*' Much
research has been focused on harnessing this endogenous cell

population to enhance spinal cord repair.>> However, ependymal
cells in mice and humans are highly heterogeneous, and we
know surprisingly little about what this heterogeneity represents.

Morphologically, mouse spinal cord ependymal cells are
usually classified into radial, cuboidal, and tanycytes.'’3*-%4
Based on a handful of molecular markers, ependymal cells
are also molecularly heterogeneous.’*>*°7 Single-cell RNA
sequencing (scRNA-seq) technologies now make it possible to
profile ependymal cells in an unbiased way, with the necessary
cellular resolution. However, ependymal cells represent a very
small fraction of the cells that make up the adult spinal cord
and are difficult to dissociate into single cells. Consequently,
ependymal cells are underrepresented in broader single-cell at-
lases of the spinal cord.®®*° A few single-cell studies have
focused on a subset of spinal cord ependymal cells but did not
delve into their heterogeneity.?%2"%° Although the neural stem
cell potential of some ependymal cell subtypes has been demon-
strated,”"*>*! whether mouse ependymal cell diversity reflects
different functions and regenerative capabilities remains
unknown. Human spinal cord ependymal cells appear similarly
heterogeneous and undergo dramatic changes with age. In
infants and teenagers, ependymal cells resemble those of adult
mice and organize around the central canal, but in adults, this
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Figure 1. A cell map of the spinal cord central canal region

(A and B) (A) Workflow for the generation of 10x and (B) Smart-seq2 scRNA-seq datasets.

(C) UMAP embedding of cells from the central canal region.

(D) Average expression of selected marker genes for each cell type in (C), and percentage of cells within each cluster expressing each gene.

(legend continued on next page)
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structure tends to collapse into an ependymal cell
mass.?**¢*2~*° How human and mouse ependymal cells align
and what molecular changes ependymal cells undergo with
age are poorly understood.

Here, we generate a single-cell transcriptomic census of spi-
nal cord ependymal cells in mice, identifying genes for all known
subtypes and immature and mature cell states. We discover a
delay in the maturation of lateral ependymal cells that distin-
guishes these cells from their non-regenerative brain counter-
parts. Following spinal cord injury, we show that ependymal
cell maturation is dynamically lost but rapidly regained, under-
scoring the limited regenerative potential of mature cells.
Informed by our mouse data, we provide evidence for early
ependymal cell maturation in the human spinal cord and surpris-
ing age-related changes in ependymal cell identity.

RESULTS

A cell map of the spinal cord central canal region

To characterize spinal cord ependymal cells comprehensively,
we took two complementary scRNA-seq approaches: droplet-
based 3’ scRNA-seq (10x Genomics), to profile a large number
of cells in and around the central canal, and plate-based full-
length scRNA-seq (Smart-seq2), to profile ependymal cells in
depth. Using the 10x approach, we profiled cells from young
adult (3-4 months old) wild-type mice (Figures 1A and S1). For
the Smart-seq2 dataset, we isolated GFP-positive ependymal
cells from age-matched (2.5-3 months old) FOXJ1-EGFP re-
porter mice’® (Figure 1B). We first focused on the broader 10x
dataset to explore the unique features of ependymal cells
compared with other cells in the central canal region. The cells
partitioned into 27 clusters (Figure S1B), which we annotated
into 11 cell types based on the expression of known marker
genes (Figures 1C and 1D; Table S1). Microglia was the most
abundant cell type represented in the dataset, followed by epen-
dymal cells, oligodendrocyte-lineage cells, astrocytes, vascular
leptomeningeal cells, vascular endothelial cells, pericytes, mac-
rophages, T cells, and cerebrospinal fluid (CSF)-contacting
neurons.

Differential expression analysis identified Ecrg4 and Mia as
two genes whose expression is most enriched in ependymal
cells (Figure 1D; Table S1). Using RNAscope, we confirmed
that Mia is highly expressed in ependymal cells (Figure 1E). We
also established that the expression of some ependymal-en-
riched genes is consistent with in situ hybridization data from
the Allen Brain Atlas (http://mousespinal.brain-map.org/) (Fig-
ure 1E). To infer the biological functions of ependymal cells, we
performed a gene ontology (GO) enrichment analysis on the full
list of ependymal-enriched genes (Figure 1F). Genes associated
with cilium-related terms were overrepresented, consistent with
the role of ependymal cilia contributing to CSF flow.***"*® GO
terms extracellular transport and detoxification of inorganic
compounds were also overrepresented, highlighting ependymal
regulation of CSF composition (Table S1).

¢ CellP’ress

Ependymal cells in the mouse spinal cord are
transcriptionally heterogeneous

Ependymal cells derive from three embryonic progenitor do-
mains: the roof plate,**° floor plate,*®°">? and p2 and motor
neuron progenitors (pPMN) domains.*®°*°° However, little is
known about the molecular makeup and functions of these
ependymal subtypes. To explore ependymal cell heterogeneity
in detail, we subset the ependymal cell cluster from the 10x data-
set and integrated it with the Smart-seq2 dataset (Figures S2A
and S2B). Clustering revealed six ependymal cell subtypes and
states (Figures 2A and S2C). Consistent with their developmental
origins, all ependymal cells expressed one of the three sets of
domain-specific genes. Dorsal ependymal cells expressed the
roof plate marker Zic1,°° ventral ependymal cells expressed
the floor plate marker Arx,*” and all other ependymal cell clusters
co-expressed Pax6 and Nkx6-1, characteristic of embryonic p2
and pMN progenitors (Figure 2C). Due to the location of the latter
within the central canal,*®°® we refer to these cells as lateral
ependymal cells.

To identify genes further defining ependymal cell subtypes and
infer their functions, we performed differential expression and GO
analyses (Tables S2 and S8). Dorsal ependymal cells expressed
Zic transcription factors (Zic1, Zic2, Zic4, and Zic5) and the high-
est levels of intermediate filament genes Gfap and nestin (Nes)
(Figures 2C and 2D). These cells also expressed genes encoding
signaling molecules (e.g., Bmp6 and Wnt4) (Figures 2C-2E). Us-
ing RNAscope, we confirmed that a small subset of dorsally
located ependymal cells co-expressed Zic1l and Whnt4
(Figures 2D, 2E, and S3A). Biological processes associated with
dorsal cells included nervous system development, cell differen-
tiation, regulation of growth, regulation of signaling, and regulation
of synaptic plasticity (Figure 2F). Indeed, cellular component
terms associated with dorsal cells (e.g., synapse) suggest that
these cells may interact with neurons. These findings imply that
dorsal ependymal cells retain some functions of embryonic radial
glial cells including providing structural support and contributing
to the signaling microenvironment in the central canal niche.

In addition to Arx (Figure 2C),*®°? ventral ependymal cells ex-
pressed other floor plate genes such as Ntn1,%® Sulf1, secreted
bone morphogenetic protein (BMP) inhibitors Nb/7 and
Ucma,*®®° and the cell adhesion and spreading factor Vin
(Figures 2C and 2D). We confirmed that Vtn and Ucma are co-ex-
pressed by ventrally located ependymal cells, around 10% of the
ependymal cell population (Figures 2D, 2E, and S3B). GO anal-
ysis revealed glycosaminoglycan binding, growth factor binding,
and metal chelating activity among molecular functions associ-
ated with ventral cells, and biological processes included the
regulation of cell migration, the negative regulation of signal
transduction, and G; to Gg transition (Figure 2E; Table S3).
From these findings, we infer that ventral ependymal cells are
quiescent or postmitotic cells and major contributors of cell-
extrinsic factors to the niche.

Lateral ependymal cells partitioned into four cell states (Fig-
ure 2A). An intriguing subset was enriched in cilia-related genes

(E) Close up of the central canal region showing RNAscope for Mia and in situ hybridization images from the Allen Brain Atlas showing the expression of
ependymal-enriched genes. Scale bars: 30 and 10 um (insets) (RNAscope) and 200 and 50 um (Allen Brain Atlas).
(F) Selected GO terms associated with genes whose expression is enriched in ependymal cells. Bars show biological processes significantly overrepresented

ranked by adjusted p value (false discovery rate [FDR]).
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Figure 2. A cell map of spinal cord ependymal cells
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(A) UMAP embedding of spinal cord ependymal cell transcriptomes captured using 10x and Smart-seq2 scRNA-seq technologies. Dendrogram shows the

relationship between ependymal cell subtypes and states.
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and uniquely expressed Sntn, a FOXJ1 effector that encodes for
the apical ciliary protein Sentan®':®? (Figures 2C-2E). Sntn
expression reflects the structural and functional maturation of
postnatal ciliated airway cells®>®® and is commonly used as a
marker of mature cells in multiciliated epithelia,®'**"°® suggest-
ing that it marks mature ependymal cells. Consistent with this,
other molecular features of Sntn cells such as higher expression
of the cyclin-dependent kinase inhibitor p21 gene (Cdkn1a) and
histone genes (Hist1hic, Hist1h4h, and Hist1h4i) suggest the
acquisition of a postmitotic state and distinct chromatin
organization. Sntn cells also expressed Phlda3, a p53-regulated
repressor of Akt and potential tumor suppressor.®®¢” Impor-
tantly, Sntn cells expressed the highest levels of Dkk3, a negative
regulator of Wnt signaling,®® and Wnt4 (Figures 2C and 2D), a
ligand involved in non-canonical Wnt signaling that induces
quiescence in other stem cell niches.®®’® We confirmed that
~21% of ependymal cells express Sntn and many of these cells
co-express Dkk3 and Wnt4 in the lateral walls of the central canal
(Figures 2D, 2E, and S3C). Biological processes overrepre-
sented in Sntn cells included tricarboxylic acid cycle and
aerobic respiration (Figure 2G). By contrast, genes more highly
expressed in Sntn-negative lateral cells included ribosomal
genes, characteristic of more active cells”""? (Table S2). Indeed,
a small fraction of captured Sntn-negative lateral cells were
proliferating, inferred by the expression of cell cycle genes
(e.g., Mki67) (Figure 2C). Sntn-negative lateral cells were also
characterized by the expression of Bhmt (Figures 2C and 2D),
encoding an enzyme involved in the BHMT-betaine pathway.
We found that Bhmt is uniquely expressed by ependymal cells
and confirmed that Bhmt-positive Sntn-negative cells make
up most cells in the lateral walls of the central canal
(Figures 2E and S3D). These distinct gene expression profiles
within the lateral ependymal cell subpopulation suggest that
these cells co-exist as mature and immature cells in the adult
mouse spinal cord.

A subset of immature Sntn-negative lateral cells was also
characterized by high levels of immediate early genes (including
Fos, Junb, and Egr1) and other known stress-induced genes
(e.g., Maff and Ccn1) (Figure 2C; Table S2). Ependymal cells
with a similar gene expression signature are also evident in other
scRNA-seq studies.*®“° To assess whether such an “activated”
ependymal cell subset exists in vivo, we performed RNAscope
for Fos in the intact spinal cord and found that only a small frac-
tion of ependymal cells express Fos (Figures S4A and S4B). This
indicates that this ependymal cell subset likely reflects experi-
mental manipulation and does not exist in vivo. However, despite
the presence of such cells, our spinal cord ependymal cell
census captures the transcriptomes of all known ependymal
cell subtypes and uncovers immature and mature cell states of
lateral ependymal cells.

¢ CellP’ress

The fraction of mature spinal cord ependymal cells
increases with age

The ability of ependymal cells to proliferate and function as neural
stem cells declines over time,**”* and this prompted us to investi-
gate how ependymal cells change with age. To do so while
minimizing technical variability between samples, we generated
a 10x scRNA-seq dataset from cells in and around the central canal
region of aged mice (18-19 months) in parallel with the young adult
dataset (3-4 months) (Figures 1 and 3A). We recovered the
same major cell types from the aged and from the young central
canal (Figure 3B) but observed age-related heterogeneity
(Figures S5A-S5C).

We focused on age-related changes in ependymal cells. Clus-
tering revealed that ependymal cell identity was largely main-
tained in the aged spinal cord (Figure 3C). Indeed, we identified
the same ependymal cell subtypes and states in young and
aged mice except for the proliferating cell cluster, consistent
with the decrease in ependymal cell proliferation with age.*°
To uncover potential age-related expression changes, we per-
formed differential gene expression analysis between young
and aged cells and found that ependymal cell transcriptomes
from young and aged mice were surprisingly similar. We only de-
tected 54 age-regulated genes in cells from aged mice, 34 upre-
gulated and 20 downregulated (Table S4). Genes upregulated in
aged ependymal cells were associated with mitochondrial func-
tion (e.g., mt-Atp6 and mt-Cytb), glutathione metabolism (Gstm1,
Gpx3, and Mgst1), and immune-related processes (e.g., Lyz2 and
Mif). Genes downregulated in aged cells included Mt3, a metallo-
thionein protein involved in protecting against heavy metal
toxicity; Pcsk2, a protease involved in processing protein precur-
sors; and the cell cycle gene Ccnd?2.

Analysis of the relative abundance of ependymal cell subtypes
in young and aged mice revealed that lateral ependymal cells shift
toward a mature cell state. Immature lateral cells decreased from
56% in young mice to 43% in aged mice (from 71% to 47 % if also
considering immature lateral cells expressing high levels of imme-
diate early genes), whereas the percentage of mature cells
increased from 17% to 40% (Figure 3D). By contrast, the percent-
age of dorsal and ventral ependymal cells did not change postna-
tally (Figure 3D). To confirm and extend these observations, we
investigated the expression of subtype-specific markers across
a wider range of ages using RNAscope (Figure 3E). Ependymal
cells first appear in the developing mouse spinal cord between
embryonic day (E) 15.5 and E17.5, and by E18.5, the ventricular
layer of the developing spinal cord reaches the size of the future
central canal.'®®® At E18.5, just ~3% ependymal cells
expressed Sntn (Figures 3E and 3F). The percentage of Sntn-ex-
pressing cells increased postnatally with 15% of ependymal cells
expressing Sntn at postnatal day (P) 21, 19% in 3-month-old mice,
and 34% in 19-month-old mice (Figures 3E and 3F). Intriguingly,

B) Percentage of each ependymal cell subtype and state in the integrated scRNA-seq dataset.

(
(C) Expression distribution of selected marker genes.
(

D) Ependymal cell subtype-specific expression of key marker genes using RNAscope. Insets, close-up views of representative cells of each subtype in (A). Note
that cells outside the central canal also express some of the ependymal subtype-specific markers (Figure S3A). Scale bars, 20 and 5 um (insets).
(E) Quantification of the percentage of ependymal cells expressing the gene markers shown in (D) and their location within the ependymal layer (n = 3—4 mice for
each marker combination and 3-6 sections per mouse). Asterisks highlight cells expressing ependymal subtype-specific markers outside of the central canal.
(F) Selected GO biological processes significantly overrepresented in each ependymal cell subtype ranked by adjusted p value (FDR). Asterisk in the lateral
activated cell state in (A) and (C) cautions that we did not find ependymal cells expressing high levels of Fos in the intact spinal cord (Figure S4).
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Figure 3. Age-related changes in spinal cord ependymal cells
(A) Workflow for the generation of the aging dataset.

(B) UMAP plot of spinal cord ependymal cells split by age and colored by major cell types.
(C) UMAP plot of ependymal cell subtypes and states from young and aged mice. LAT, lateral; DOR, dorsal; VEN, ventral. The asterisk next to the activated cell
state indicates that this subpopulation expresses high levels of stress-related genes and that such cells are lacking in the intact spinal cord (Figure S4).

(D) Percentage of each ependymal cell subtype and state in young and aged mice. Each dot represents one mouse (n = 4 mice). Bars indicate the mean; error
bars, standard deviation (SD); Wilcoxon rank-sum test (*“p < 0.01, **p < 0.001, n.s. not significant).
(E) Expression of Sntn and Vtn in E18.5 embryos, P21 pups, 3- and 18-month-old mice. Images are a maximum intensity projection (MPI) of 3-5 optical z slices
encompassing a cell length. The E18.5 image additionally shows GFP expression under the control of the human FOXJ7 promoter to highlight ependymal cells.
The dashed line in the image from the 3-month-old mouse encircles a cluster of Sntn cells. Scale bars, 20 and 5 pm (high-magnification images).

(F) Quantification of the percentage of ependymal cells expressing Sntn and Vtn across ages. Each dot represents one mouse (n = 4 mice). Bars indicate the
mean; error bars, SD; one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.01, **p < 0.001, n.s. not significant).
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Figure 4. Ependymal cell heterogeneity across the CNS

Not detected

(A) UMAP plot of ependymal cells across the CNS, including cells from our 10x dataset from young mice and from Zeisel et al.*®
(B) Percentage of cells within each cluster from each tissue. Dots color-coded to represent ependymal subtype as in (A).

(C) Expression distribution of key genes.

Sntn-expressing cells often appeared clustered (Figure 3E). By
comparison, the percentage of cells expressing the ventral-spe-
cific marker Vtn did not significantly change postnatally
(Figures 3D and 3E). Taken together, this analysis reveals that
the lateral ependymal cell population gradually adopts a more
mature cell state, indicating that ependymal cell maturation in
the spinal cord is ongoing throughout life.

Sntn spinal cord ependymal cells are transcriptionally
similar to postmitotic brain ependymal cells

Although some spinal cord ependymal cells proliferate and can
generate specialized cells in response to injury,’’?">® brain

ependymal cells are postmitotic and cannot function as neural
stem cells even though some appear to transform into neuro-
blasts following stroke.®”'2:3374 To uncover transcriptomic
differences that map to these important differences between
the spinal cord and brain ependymal cells, we integrated our
10x ependymal cell dataset from young adult mice with pub-
lished ependymal cell transcriptomes from across the CNS*®
(Figures 4A, 4B, S6A, and S6B). The integrated dataset split
into 15 clusters (Figures S6C and S6D) that we manually merged
into 11 clusters based on their gene expression profile, known
ependymal subtypes, and region of origin (Figures 4A and 4B).
Visualizing how cell populations diverge with increasing
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clustering resolution, we noticed that the mature spinal cord cell
cluster arose from within the brain ependymal cell “branch” (Fig-
ure S6C). This suggests that mature spinal cord cells are tran-
scriptionally similar to brain ependymal cells. Indeed, Sntn and
other genes expressed by mature spinal cord ependymal cells
were expressed by nearly all brain ependymal cells (Figure 4C;
Table S5). The fact that ependymal cells in the mouse brain com-
plete their maturation during the first two postnatal weeks®
further supports the idea that Sntn marks mature ependymal
cells. Moreover, genes enriched in brain ependymal cells were
associated with GO terms overrepresented in mature spinal
cord cells and in spinal cord ependymal cells from aged mice
(e.g., mitochondrial function and cilia) (Table S5). These pre-
dicted functional similarities between brain ependymal cells
and Sntn spinal cord ependymal cells suggest that the latter
represent a mature cell state and further support the observation
that lateral spinal cord ependymal cells mature much more
slowly than their brain counterparts.

Perhaps not surprisingly given their distinct embryonic origins
in the anterior neural plate and the posterior neural plate/neuro-
mesodermal progenitors,®”>~"® brain and spinal cord ependymal
cells, including mature cells, also exhibited marked molecular
differences (Figure 4C). Wnt/B-catenin signaling plays a key
role in spinal cord ependymal cell proliferation.*°° Interestingly,
brain ependymal cells uniquely expressed Sfrp1, a secreted pro-
tein that blocks the interaction between Wnt ligands and their re-
ceptors and actively maintains quiescence in the subventricular
zone’? (Figure 4C). This identifies the distinct regulation of Wnt
signaling as a potential explanation for differences in the matura-
tion and proliferative capacity of the brain and spinal cord epen-
dymal cells. We also identified genes unique to spinal cord
ependymal cells that indicate distinct signaling capabilities in
the central canal niche. These include the growth factor Hbegf
and its potential receptor tyrosine kinase Erbb4 (Figure 4C).
Additionally, spinal cord ependymal cells uniquely express
Cdkn1b. By contrast, genes enriched in brain ependymal cells
were related to cell adhesion (e.g., Cdhr4 and Dchs1), cytoskel-
eton (e.g., Krt15 and Sncg), transport (e.g., S/lc38a3), innate
immune response (e.g., Lbp), and hormone metabolism (e.g.,
Cpe). These comparisons provide further evidence for pro-
tracted maturation in spinal cord ependymal cells and highlight
the maintenance of a more dynamic signaling microenvironment
in the spinal cord. This raises the intriguing possibility that the
range of maturation states within the spinal cord central canal
underlies the ability of this cell population to respond to injury,
whereas this ability is lost as cells mature.

Lateral ependymal cell maturation is reversible but
quickly regained in the injured spinal cord

To test whether mature spinal cord ependymal cells represent a
terminally differentiated cell state we investigated how these cells
respond to a challenge using an ex vivo model of spinal cord
injury.?° Briefly, we generated spinal cord slices from 5-month-
old mice and immediately fixed some to define intact spinal cord
conditions (day 0) while we cultured others for 3 and 5 days to
explore whether Sntn-expressing cells proliferate in this context
(Figure 5A). For this, we combined RNAscope for Sntn and the
ependymal-enriched gene Mia with immunofluorescence for the
cell proliferation marker Ki67. In the intact spinal cord, 25% of
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ependymal cells expressed Sntn, and most appeared in clusters
(Figures 5B and 5C). Of the few ependymal cells that we found
proliferating in the intact spinal cord (3/862 or 0.4% of ependymal
cells), none expressed Sntn (Figures 5B and 5C). After 3 days,
ependymal cell proliferation increased sharply (40% of the cells),
whereas the fraction of Sntn-expressing cells decreased signifi-
cantly compared with normal conditions (from 25% to 14%)
(Figures 5B and 5C). This suggested that either Sntn-expressing
cells are preferentially lost following injury or that, despite the
expression of this mature cell marker, such cells remain plastic
and can downregulate Sntn. In support of such cell plasticity, we
found that the percentage of low-level expressing Sntn cells was
higher in cultured spinal cord slices than in the intact spinal cord
(Figure 5C). This suggests that Sntn expression is indeed dynam-
ically regulated. Importantly, most Ki67-positive ependymal cells
were Sntn-negative, but a small fraction expressed low-level
Sntn (Figures 5B and 5C). We did not find cells expressing high
levels of Sntn proliferating in the injured spinal cord (Figure 5B).
These findings suggest that Sntn expression is dynamically regu-
lated in some but perhaps not all mature lateral cells and that Sntn
downregulation (i.e., maturation reversal) is correlated with cell cy-
cle re-entry. Strikingly, in spinal cord slices cultured for 5 days, the
percentage of Sntn-expressing cells and proliferating cells re-
turned close to those under normal conditions (26% and 0.8%,
respectively), and Sntn cells re-appeared in their characteristic
clustered configuration (Figure 5B). Proliferating cells were again
rare (6/727 ependymal cells), but a few expressed low levels of
Sntn (2/6 proliferating cells or 33%) (Figures 5B and 5C). None of
the cells expressing high levels of Sntn were proliferating.

To assess whether the ependymal cell response ex vivo reca-
pitulates that observed following spinal cord injury in vivo, we
permanently labeled ependymal cells in age-matched Foxj1-
CreER™-tdTomato (Foxj1-tdTomato) mice before performing a
dorsal funiculus incision injury. Strikingly, the expression dy-
namics of Sntn and Ki67 at the lesion core matched well with
that observed in our ex vivo assay (Figure 5). The fraction of
Sntn-expressing cells was close to 80% lower 3 dpi (from 25%
to 6% of ependymal cells), whereas the fraction of Ki67-positive
cells peaked (35% of ependymal cells) before both the fraction of
Sntn and proliferating cells returned to basal levels 5 dpi (30%
and 2%, respectively) (Figures 5D and 5E). This comparison
indicates that the simple ex vivo model of spinal cord injury cap-
tures similar cell behaviors and differentiation dynamics to those
operating immediately after injury in vivo.

These findings reveal that in response to injury, the reversal of
ependymal cell maturation (Sntn downregulation) is accompanied
by cell cycle re-entry of Sntn-negative cells and perhaps some
low-level Sntn-expressing cells. As Wnt/B-catenin signaling pro-
motes ependymal cell proliferation*>°° and mature ependymal
cells express the negative Wnt regulator Dkk3 and non-canonical
Whnt4 (Figure 2C), this raises the possibility that mature cells nor-
mally exert an inhibitory influence on their immature neighbors.

Ependymal cells in the adult human spinal cord express
SNTN and change their identity with age

To determine the relevance of our findings in mice to humans, we
studied SNTN expression in 16 human spinal cord samples
(years 20-29, 30-39, 40-49, and 50-59) (Table S6). We used
FOXJ1 immunofluorescence to identify ependymal cells and
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Figure 5. Downregulation of Snitn correlates with cell cycle re-entry in response to injury

(A) Workflow of spinal cord slice culture experiments.

(B) Mia and Sntn RNAscope and Ki67 immunofluorescence on spinal cord slices fixed immediately, at days 3 and 5 of culture.

(C) Quantification of ependymal cells expressing Sntn, Ki67, Sntn and Ki6é7, and Sntn at low level (one RNAscope dot) at days 0, 3, and 5 of culture. Each dot
represents one mouse and one experiment (n = 3 mice).

(D) Uninjured and injured spinal cord of Foxj1-tdTomato mice 3 and 5 days post-injury (dpi) showing ependymal cells and their migrating progeny expressing
tdTomato, Sntn-expressing cells, and Ki67-positive cells. A close-up view of the ependymal region is shown next to low-magnification images of the spinal cord.
Boxed areas are shown below for each condition at higher magnification. Images are composites.

(E) Quantification of Sntn ependymal cells, Ki67 ependymal cells, Sntn Ki67 double-positive ependymal cells, and of cells expressing low-level Sntn (one
RNAscope dot) in the uninjured spinal cord and at the lesion core of the injured spinal cord, 3 and 5 dpi. Each dot represents one mouse and one experiment (n =3
mice for uninjured and 3 dpi samples, 1 mouse for 5 dpi sample). Bars indicate the mean; error bars, SD; one-way ANOVA with Dunnett’s test (*p < 0.01,
***p < 0.001, n.s. not significant). All images are MIP of 2-3 optical z slices, about one cell length. Scale bars: 30 and 10 um (higher magnification images) in (B);
50 um (low-magnification images) in (C); and 25 pm (images of the ependymal region) and 5 um (high-magnification images).
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Figure 6. Ependymal cell identities in the human spinal cord
(A) Ependymal region from the human spinal cord across ages, showing combined SNTN and PPIB RNAscope and FOXJ1 immunofluorescence. High-
magnification images of regions indicated in their respective low-magnification images, with dashed lines delineating individual nuclei.

(legend continued on next page)
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RNAscope to detect expression of SNTN and of the broadly ex-
pressed gene PPIB to control for RNA quality (presence/absence
of RNA in the sample) and non-specific probe binding or auto-
fluorescence (as overlapping SNTN and PPIB signal) (Figure 6A).
Across all ages, we found a disorganized ependyma and varying
degrees of central canal stenosis, with more samples from young
adults (years 20-29) having a patent canal (3/4 samples) (Fig-
ure 6). SNTN was widely expressed in all the human spinal
cord samples examined (Figure 6A).

Our mouse GO analysis suggested that dorsal and ventral
ependymal cells continue to act as signaling centers in the adult
spinal cord and their position may also indicate if and how the
central canal microenvironment and cellular composition
change with age. We, therefore, performed RNAscope assays
to detect transcripts for dorsal ZIC1-expressing and ventral
ARX-expressing cells. We first assessed the specificity of these
probes in the embryonic human spinal cord [Carnegie stage (CS
18)], where ZIC1 and ARX expression domains were each
restricted, as expected,®’ to the dorsal or ventral pole of the neu-
ral tube (Figure S7A). By contrast, we found near complementary
ZIC1 and ARX domains across all adult ages examined, with
most ependymal cells expressing ARX and a small distinct sub-
set expressing ZIC1 dorsally (Figure 6B). This pattern of expres-
sion was independent of the extent of central canal stenosis. At
the boundary between ARX and ZIC1 domains, we often found
ependymal cells co-expressing ARX and ZIC1 (Figure 6B, age
35 inset). The quantification of cells expressing each marker
was challenging; however, from age 30, ZIC1 was expressed
at lower levels and in fewer cells. By contrast, ARX was ex-
pressed consistently by most ependymal cells, with cells located
ventrally expressing the highest levels (Figure 6B). To explore
further this apparent ventralization of ependymal cells in hu-
mans, we analyzed the expression of another ventral marker,
FOXA2, and the lateral ependymal cell marker PAX6. As ex-
pected, in the embryonic spinal cord ventral floor plate, cells
co-expressed ARX and FOXA2 but not PAX6 (Figure S7B). In
the adult spinal cord, however, we found few ependymal cells
co-expressing ARX and FOXA2 (3-4 cells per cross section),
but most ependymal cells co-expressed ARX and PAX6
(Figures 6C and 6D). These findings indicate a change in ependy-
mal cell identity in the adult human spinal cord, with most cells
co-expressing the ventral and lateral genes ARX and PAX6.

DISCUSSION

Our data divide mouse ependymal cells into dorsal, ventral, and
lateral cell subtypes based on patterning genes that reflect em-
bryonic origins and are likely to define functions (Figure 7A). In
contrast to their brain counterparts, we find that many lateral
ependymal cells persist in an immature cell state (Figure 7B),

¢ CellP’ress

linking the range of cell maturation states to the ability of
ependymal cells to react to injury. We discover that lateral cell
maturation is reversible and propose that this may release neigh-
boring cells from quiescence to respond to injury. The reversal of
cell maturation is, however, short-lived, with cells rapidly re-es-
tablishing a mature cell state and returning to basal levels of
cell proliferation (Figure 7C). In striking contrast to mice, we
report that most ependymal cells in the adult human spinal
cord express the mature cell marker SNTN and uniquely co-ex-
press the lateral and ventral cell markers PAX6 and ARX. This
study provides a resource with which to uncover the potential
of different ependymal cell subtypes to drive spinal cord repair,
it circumscribes lateral cells as the subpopulation that harbors
the elusive neural stem cell potential and highlights the regulation
of cell maturation as a key mechanism that provisions and
perhaps limits response to injury in mammals. This spinal cord
ependymal cell census can be explored further at https://
ependymalcell.shinyapps.io/ependymal_atlas/.

A core finding from our study is that the lateral cell population
shifted toward a mature state over time, but immature cells re-
mained a significant fraction even in aged mice. This contrasts
with the more rapid maturation of non-regenerative brain epen-
dymal cells, which in mice is complete 2 weeks after birth.®
Our findings, therefore, raised the possibility that the elusive spi-
nal cord stem potential resides within the immature lateral cell
fraction and is lost as cells fully mature. We tested this hypothe-
sis in ex vivo and in vivo models of spinal cord injury and found
that the mature spinal cord ependymal cell state is plastic, with
some mature cells responding to injury and later adapting to rein-
state tissue homeostasis. Consistent with this, spinal cord injury
triggers the re-coupling of ependymal cells in a way that resem-
bles neonatal connectivity.®> Our findings also align well with
scRNA-seq data from the whole mouse spinal cord following
injury.®® This study identified two ependymal cell subtypes,
ependymal-A and ependymal-B, which based on Sntn expres-
sion, we can now identify as mature and immature lateral cells,
respectively. Consistent with the regulation of cell maturation
following injury, the authors also found that the expression of
cilia-related genes and the fraction of ependymal-A/mature cells
transiently decreases in the injured spinal cord®® (see also Chev-
reau et al.®). Recently, further evidence for the downregulation
of cilia-related genes in ependymal cells after injury was re-
ported.”’ This study focused on a subpopulation of Tnfrsf19
(Troy)-expressing ependymal cells, some of which display
extraordinary neural stem cell capabilities in vitro and in vivo.
However, consistent with the broad distribution of Troy-CreER
recombined cells within the central canal, we found that cells
of every ependymal subtype and state identified in our scRNA-
seq dataset express Tnfrsf19. This indicates that Troy-CreER re-
combined cells include ependymal cells with different identities,

(B) Ependymal region from the human spinal cord across ages, showing combined RNAscope against ZIC1 and ARX and FOXJ1 immunofluorescence. Colored
dashed lines delineate the ependymal region and mark the distinct domains. Arrowhead in sample age 35 points to a few ependymal cells expressing ARX that
have detached from the main cluster of ependymal cells as reported earlier.**° High-magnification images show the regions indicated in their respective low-

magnification images.

(C) Ependymal region from the human spinal cord showing RNAscope for PAX6 and ARX and FOXJ1 immunofluorescence.
(D) Ependymal region from the human spinal cord showing RNAscope for FOXA2 and ARX and FOXJ1 immunofluorescence. DNA is stained with DAPI. Allimages
are MIP of 5-6 optical z slices, about one cell length. Low-magnification images are composites. Scale bars: 50 and 10 um in (A) and (B) and 100 and 5 pm (lower
and higher magnification images) in (C) and (D), respectively. Details about the samples analyzed can be found in Table S6.
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Figure 7. Schematic of key findings and model
(A) Ependymal cell subtypes in the adult mouse spinal cord. Mature lateral cells often appear clustered and express Dkk3, encoding a secreted negative regulator

of Wnt signaling.
(B) Ongoing cell maturation is the main age-related change in the spinal cord ependymal cell population. We hypothesize that, with increasing numbers of mature
cells, increased levels of secreted DKK3 protein in the central canal niche may explain the age-related decline in ependymal cell proliferation and spinal cord stem

cell potential.

(legend continued on next page)
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and although it is possible that Troy marks neural stem cells
within each ependymal subtype, it remains unclear whether
this is the case or if only a subset possess neural stem cell
properties.

As many lateral ependymal cells are immature in the adult spi-
nal cord these are likely to be the cells that mount a stem cell-like
response to injury. However, the downregulation of Sntn in some
mature cells clearly links the regulation of cell maturation to this
response. In unchallenged conditions, mature cells appear in
clusters and, in addition to Sntn, express Dkk3, encoding a
secreted Wnt antagonist, and Whnt4, a non-canonical Wnt ligand.
As Wnt/B-catenin signaling regulates ependymal cell prolifera-
tion,*%°9%° these findings suggest that mature cells locally inhibit
Wnt/B-catenin signaling and may thereby induce quiescence in
neighboring cells, whereas their dedifferentiation may derepress
Whnt/B-catenin and liberate neural stem cell behavior. This sce-
nario could explain how neural stem cell potential is lost with
increasing mature cell numbers and deeper quiescence that
comes with age, and local inhibition in vivo may also explain
the greater neural stem cell abilities that spinal cord ependymal
cells display in vitro. Importantly, similar mechanisms operate in
various stem cell niches: in the subventricular zone, Dkk3 inhibits
Wnt/B-catenin signaling®® and WNT4 contributes to the regula-
tion of neural stem cell quiescence;7O WNT4 also induces muscle
stem cell quiescence.®®®® Investigating the fine-tuning of Wnt
signaling in the central canal niche will be key for understanding
how the balance between self-renewal and quiescence is regu-
lated in ependymal cells. When this balance is lost, uncontrolled
ependymal cell proliferation can lead to cancer tumors termed
ependymoma.®”#® Understanding how ependymal cell prolifera-
tion is kept in check may thus inform directed regenerative ther-
apies and also cancer treatments.

Ependymal cells in the human spinal cord appear to retain
dorsoventral patterning information as in the mouse; however,
this was observed in just one, teenage, sample.>® Based on
SNTN expression, we show that most ependymal cells in the hu-
man spinal cord from age 20 are in a mature state (Figure 6A).
This correlates with the apparent lack of ependymal cell prolifer-
ation in the adult human spinal cord.'*?° Unexpectedly, we
found that ventral and dorsal markers, ARX and ZIC1, are ex-
pressed in abutting domains in the adult human central canal.
This contrasts strikingly with expression patterns in the adult
mouse (Figure 3D) and suggests that ependymal cell identities
in the adult human spinal cord fundamentally change with age.
Intriguingly, spinal cord ependymal cells in the lizard do not
retain dorsoventral patterning genes either and display a ventral
identity.®%°° This leads to imperfect regeneration when lizards
lose their tails, as the spinal cord and surrounding tissues regrow
with only ventral character due to the restricted potential of lizard
ependymal cells and the signaling microenvironment they
create.®>°° Our findings raise intriguing questions about how
cell maturation and changes in cell identity alter ependymal
cell potential and the signaling microenvironment in the human
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spinal cord. In mice, chromatin accessibility for a latent oligoden-
drocyte program can be used to direct some ependymal cells to-
ward an oligodendrocyte cell fate in the injured spinal cord,?°
demonstrating that ependymal cells can be manipulated to
generate other cell types. It is now important to investigate
whether this window of opportunity is lost with cell maturation.
The spinal cord ependymal cell resource presented here can
also be leveraged to inform the manipulation of distinct ependy-
mal cell subtypes for therapeutic effect.

Limitations of the study

Ependymal cells represent a very small fraction of spinal cord
cells, and some subtypes, especially dorsal and proliferating
ependymal cells, are rare. The low number of dorsal cells
that we captured may not provide their full transcriptomic pro-
file due to the sparsity of 10x data. Even though our analysis
identifies known and new dorsal gene markers, differential
expression analysis testing may be underpowered/not have
identified all significantly enriched genes. Our conclusions
are based on snapshots of ependymal cells at different ages
or times. To understand precisely the neural stem cell poten-
tial of distinct ependymal subtypes, it is necessary to geneti-
cally label such cells and follow their behavior during homeo-
stasis and in response to injury. A more comprehensive
characterization of human ependymal cells is necessary to
assess the implications of the age-related molecular changes
that we uncover. A potential limitation in studying ependymal
cells in the human spinal cord is the technical differences be-
tween samples related to the lack of standardized sample
collection, post-mortem time until sample collection, and var-
ied clinical histories.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken anti-GFP Sigma-Aldrich Cat#ab13970; RRID: AB_300798

Rabbit anti-FOXJ1 Sigma-Aldrich Cat#HPA005714; RRID: AB_1078902

Rat anti-Ki67 (SolA15) Thermo Fisher Scientific
Goat anti-tdTomato SICGEN

Donkey anti-rabbit IgG (H+L) highly cross-adsorbed Thermo Fisher Scientific
secondary antibody, Alexa Fluor 568

Cat#14-5698-82; RRID: AB_10854564
Cat#AB8181; RRID: AB_2722750
Cat#A10042; RRID: AB_2534017
Thermo Fisher Scientific

Donkey anti-Goat IgG (H+L) highly cross-adsorbed Cat#A-21432; RRID: AB_2535853

secondary antibody, Alexa Fluor 568

Alexa Fluor 488 AffiniPure donkey anti-chicken IgY Jackson ImmunoResearch Labs Cat#703-545-155; RRID: AB_2340375

(I9G) (H+L) antibody
Donkey anti-rat IgG H&L (Alexa Fluor® 568)

Abcam

Cat#ab175475; RRID: AB_2636887

Biological samples

Human spinal cord Netherlands Brain Bank See Table S6
Human embryonic tissue Human Developmental N/A

Biology Resource
Chemicals, peptides, and recombinant proteins
Neurobasal™-A Medium Thermo Fisher Scientific Cat#10888022
B-27 Thermo Fisher Scientific Cat#17504044
Horse serum Thermo Fisher Scientific Cat#16050122
Poly-L-lysine hydrobromide Millipore Sigma Cat#SKU-P6282
GlutaMAX™ Supplement Thermo Fisher Scientific Cat#35050061

HEPES Buffer 1M
Penicillin-streptomycin
Myelin Removal Beads Il, human, mouse, rat

Lonza
Millipore Sigma
Miltenyi Biotech

Cat#LZBE17-737E
Cat#SKU-P0781
Cat#130-096-731

HBSS, calcium, magnesium, no phenol red Thermo Fisher Scientific Cat#14025050
TrypLE™ Select Enzyme (10X), no phenol red Thermo Fisher Scientific Cat#A1217702
Liberase TM Merck Cat#5401119001
DNase | Worthington Cat#L.S002058
Bovine serum albumin Sigma-Aldrich Cat#A9418
4’,6-Diamidino-2-Phenylindole, Sigma-Aldrich Cat#9542
Dihydrochloride (DAPI)

Triton X-100 Promega Cat#H5141
D-(+)-Trehalose dihydrate Merck Cat#T0167

Red Blood Cell Lysis Roche Cat#11814389001
CellTrics, 50 pm sysmex Cat#04-0042-2317

Pre-Separation Filter (30 um)

Millicell Cell Culture Insert, 30 mm,
hydrophilic PTFE, 0.4 um

Miltenyi Biotech
Millipore Sigma

Cat#130-041-407
Cat#SKU-PICMORG50

Critical commercial assays

Chromium Next GEM Chip G Single Cell Kit 10x Genomics Cat#1000127
Chromium Next GEM Single Cell 3' GEM, 10x Genomics Cat#1000128
Library & Gel Bead Kit v3.1

Chromium Next GEM Single Cell 3’ Gel 10x Genomics Cat#1000129

Bead Kit v3.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium Next GEM Single Cell 3’ 10x Genomics Cat#1000130

GEM Kit v3.1

Chromium Next GEM Single Cell 3’ 10x Genomics Cat#1000158

Library Kit v3.1
High Sensitivity D5000 ScreenTape
Qubit dcDNA HS assay kit

RNAscope® Multiplex Fluorescent
Detection Kit v2

RNAscope probe: Mm-Sntn-C3
RNAscope probe: Mm-Vtn-C3
RNAscope probe: Mm-Zic1
RNAscope probe: Mm-Wnt4-C2
RNAscope probe: Mm-Fos
RNAscope probe: Mm-Bhmt
RNAscope probe: Mm-Dkk3
RNAscope probe: Mm-Mia
RNAscope probe: Hs-SNTN-C3
RNAscope probe: Hs-ZIC1-C2
RNAscope probe: Hs-ARX
RNAscope probe: Hs-FOXA2-C3
RNAscope probe: Hs-PAX6-O1-C3
Mm-Ucma-01-C2

RNAscope probe: Hs-PPIB

Opal 520

Opal 570

Opal 690

Agilent Technologies, Inc.

Thermo Fisher Scientific
ACD

ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
ACD
Akoya Biosciences
Akoya Biosciences
Akoya Biosciences

Cat#5067-5592
Cat#Q32851
Cat#323100

Cat#574191-C3
Cat#443601-C3
Cat#493121
Cat#401101-C2
Cat#316921
Cat#876091
Cat#400931
Cat#498011
Cat#891411-C3
Cat#542991-C2
Cat#486711
Cat#832221-C3
Cat#888441-C3
Cat#468431-C2
Cat#313901
Cat#FP1487001KT
Cat#FP1488001KT
Cat#FP1497001KT

Deposited data

scRNA-seq (spinal cord ependymal cells,
Smart-seq?2)

scRNA-seq (cells from the central canal region
of young and aged mice, 10x Genomics)

Code for scRNA-seq data analysis

This paper

This paper

This paper

ArrayExpress: E-MTAB-11563

ArrayExpress: E-MTAB-11561

GitHub: https://github.com/aidarodrigo/
ependymal_cell; Zenodo: https://doi.org/
10.5281/zenodo.7459071

Experimental models: Organisms/strains

Mouse: B6;C3-Tg(FOXJ1-EGFP)85Leo/J

Mouse: Foxj1-CreER™
B6;129S6-Gt(ROSA)26Sormo(CAG-tdTomato)Hze,

Mouse: C57BL/6J
Mouse: aged C57BL/6J

Ostrowski et al.*®

Meletis et al."
RRID:IMRS_JAX:007905

Charles River
Charles River

RRID:IMSR_JAX:010827
N/A

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:000664

Software and algorithms

Fiji
Cell Ranger v4.0

cutadapt v1.16
clustree v.0.4.3

Seurat v3.2.2
STAR 2.7.7a
g:Profiler

Schindelin et al.®"
10x Genomics

Martin®?

Zappia and Oshlack®

Stuart et al.*

Kaminow et al.®®

Raudvere et al.”®

https://imagej.net/software/fiji/

https://support.10xgenomics.com/
single-cell-gene-expression/software/
overview/welcome

https://cutadapt.readthedocs.io/en/stable/

https://cran.r-project.org/web/
packages/clustree/

https://satijalab.org/seurat/
https://github.com/alexdobin/STAR
https://biit.cs.ut.ee/gprofiler/gost
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

bamtofastq v1.2.0

loomR

ggplot2
BD FACSDiva Software

TapeStation Analysis Software

Leica LAS X

10x Genomics

Stuart et al.**
Wickham®”
BD Bioscience

Agilent Technologies, Inc.

Leica Microsystems

https://github.com/10XGenomics/
bamtofastqg/releases
https://github.com/mojaveazure/loomR
https://ggplot2.tidyverse.org/
https://www.bdbiosciences.com/en-gb/
products/software/instrument-software/
bd-facsdiva-software
https://www.agilent.com/en/product/automated-
electrophoresis/tapestation-systems/
tapestation-software/tapestation-
software-379381
https://www.leica-microsystems.com/
products/microscope-software/
p/leica-las-x-Is/

Adobe lllustrator CS6 Adobe https://www.adobe.com/products/
illustrator.html

Adobe Photoshop CS6 N/A https://www.adobe.com/products/
photoshop.html

Other

Accession numbers of scRNA-seq data Zeisel et al.*® Table S7

from Zeisel et al.*® used in this study

BD Influx Cell Sorter BD Biosciences N/A

Leica VT1200 semi-automatic vibrating

blade microtome
NovaSeq 6000

TCS SP8 confocal laser scanning

microscope system
TapeStation

Leica Biosystems

lllumina

Leica

Agilent Technologies, Inc.

https://www.leicabiosystems.com/en-gb/
research/vibratomes/leica-vt1200/

https://emea.illumina.com/systems/
sequencing-platforms/novaseq.html

N/A

N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kate G.
Storey (k.g.storey@dundee.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Raw scRNA-seq data, count matrices, and metadata of all the datasets generated in this paper have been deposited at
ArrayExpress under accession numbers ArrayExpress: E-MTAB-11561 (10x Genomics) and ArrayExpress: E-MTAB-11563
(Smart-seq2). This paper also analyses publicly available data from Zeisel et al.>® These accession numbers are listed in the
key resources table. The human developing spinal cord microscopy data can be found at: https://hdbratlas.org/organ-
systems/nervous-system/cns/spinal-cord/CS13-18-rnascope.html . Other microscopy data reported in this paper will be
shared by the lead contact upon request.

® The code used for scRNA-seq data analysis can be found at GitHub: https://github.com/aidarodrigo/ependymal_cell and Zen-
odo: https://doi.org/10.5281/zenodo.7459071

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
FOXJ1-EGFP transgenic mice® were used for the generation of the Smart-seq2 scRNA-seq dataset (2.5 to 3-month-old) and for
RNAscope experiments (E18.5, P21, and 3-month-old). For timed matings, the morning of the plug was considered E0.5. C57BL/
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6J wild-type mice (Charles River) were used for the generation of 10x scRNA-seq datasets (3 to 4 and 18 to 19-month-old mice), for
RNAscope (18-month-old mice) and spinal cord slice culture experiments (5-month-old mice). All mice used in scRNA-seq experi-
ments were females, while female and male mice were used for RNAscope and slice culture experiments. Animals were housed in
standard housing conditions on a 14-hour light/10-hour dark cycle with food and water ad libitum. All animal procedures for scRNA-
seq, RNAscope, and spinal cord slice culture experiments were performed in accordance with UK and EU legislation and guidance
on animal use in bioscience research. This work was performed under the UK project license 60/4454 and POB7F2E8D and subjected
to local ethical review.

For spinal cord injury experiments, Foxj1-CreER™ mice'' were crossed with tdTomato Cre reporter mice®® (JAX stock number
007905) to generate Foxj1-CreER™-LSL-tdTomato mice. 6 to 7-month-old Foxj1-CreERT2-LSL-tdTomato mice were used for exper-
iments. Animals were housed in the Wallenberg Laboratory animal facility on a 12-hour light/dark cycle and were provided food and
water ad libitum. Spinal cord injury experiments were performed in accordance with the Swedish and European Union guidelines
and approved by the institutional ethical committee (Stockholms Norra Djurfdrsoksetiska Namnd) under ethical permit 20785/2020.

Human samples

Human spinal cord samples were obtained from The Netherlands Brain Bank (NBB), Netherlands Institute for Neuroscience, Amster-
dam (https://www.brainbank.nl/). All material has been collected from donors for or from whom a written informed consent for a brain
autopsy and the use of the material and clinical information for research purposes had been obtained by the NBB. An overview of the
clinical information and post-mortem variables of donors in this study can be found in Table S6. Human embryonic tissue (CS18) was
obtained from the MRC/Wellcome Trust (grant no. 006237/1) funded Human Developmental Biology Resource (HDBR; www.hdbr.
org) with appropriate maternal written consent and approval from the London Fulham Research Ethics Committee (18/LO/0822) and
the Newcastle and North Tyneside NHS Health Authority Joint Ethics Committee (08/H0906/21+5). HDBR is regulated by the UK Hu-
man Tissue Authority (HTA; www.hta.gov.uk) and operates in accordance with the relevant HTA codes of practice. This work was part
of project no. 200407 registered with the HDBR.

METHOD DETAILS

Cell preparation for scRNA-seq

Cell preparation for plate-based scRNA-seq (Smart-seq2)

For the plate-based scRNA-seq dataset, we generated cell preparations from FOXJ1-EGFP mice. A total of four cell preparations
were generated, one per day and starting at 10 AM. In parallel to the FOXJ1-EGFP cell preparation we generated a cell preparation
from C57BL/6J wild-type mice to set the GFP threshold for sorting. Mice were deeply anaesthetised with an intraperitoneal injection
of pentobarbital before being transcardially perfused with ice-cold artificial cerebrospinal fluid (aCSF) solution (87 mM NaCl, 2.5 mM
KCl, 1.25 mM NaH,PQO,4, 26 mM NaHCO3, 25 mM glucose, 1 mM CaCl,, 2 mM MgSO,4, 10 mM HEPES in sterile MilliQ water, pH 7.4)
that was oxygenated in 95% O, 5% CO, until used. After laminectomy, the spinal cord was carefully dissected out and transferred to
a Sylgard-coated dish filled with ice-cold aCSF for microdissection. The thoracic region of the spinal cord was separated with a
scalpel and pinned, ventral side down, then cut through the midline in two halves as in an open-book preparation. Working under
a fluorescence stereo microscope, the central canal of the spinal cord was identified as an opaque stripe running along the middle
of either of the halves of the spinal cord or, aided by fluorescence, as a bright GFP stripe. The central canal was quickly microdis-
sected, cut in small pieces, and placed in aCSF on ice until the whole thoracic central canal was microdissected. Quickly, the
aCSF was replaced with 1 mL of pre-warmed digestion solution (3X TrypLE Select enzyme (Thermo Fisher Scientific, cat#
A1217702) diluted in Hanks’ Balanced Salt Solution (HBSS) (Thermo Fisher Scientific, cat# 14025050) without calcium and magne-
sium, 15 mM HEPES, and 10 pg/ml DNase | (Worthington)) and the tissue pieces incubated in a water bath at 37 °C. After 45 min,
tissue pieces were gently pipetted up and down 10x to facilitate their dissociation and immediately returned to the water bath. After
20 min, the remaining tissue pieces and cells were gently pipetted up and down 12x with a P1000 pipette tip and 22x with a P200
pipette tip. The enzymatic digestion was then stopped with wash solution (HBSS, 15 mM HEPES, 0.05% BSA, 0.5 mM EDTA)
and the cell suspension filtered through a 50 um cell strainer (CellTrics, Sysmex Europe) and centrifuged at 300 xg for 5 min. After
discarding the supernatant, myelin debris was removed from the cell suspension using Myelin Removal Beads Il kit (Miltenyi Biotec,
cat# 130-096-731) following the manufacturer’s protocol with minor modifications. Briefly, the cell suspension was incubated with
the adequate volume of Myelin Removal Beads Il for 15 min in the fridge (4 °C), then washed well by adding 10x the beads volume
of MACS buffer and centrifuged at 300 xg for 5 min. LS columns with a 30 um pre-separation filter (Miltenyi Biotec) were equilibrated
with MACS buffer on a QuadroMACS magnetic separator (Miltenyi Biotec) and as soon as the cell suspension finished centrifugating,
cells were passed through the filter and column to remove cell clumps and myelin debris. The cell suspension was then centrifuged at
300 xg for 5 min and the MACS buffer quickly replaced with sorting buffer (HBSS, 15 mM HEPES, 0.5% BSA, 1 mM EDTA, 5 ng/mL
4,6-diamidino-2-phenylindole (DAPI)) and the cell pellet gently resuspended and placed on ice until cells were sorted into lysis buffer
plates. Lysis plates were created by dispensing 0.4 ul lysis buffer (0.5 U Recombinant RNase Inhibitor (Takara Bio, 2313B), 0.0625%
Triton X-100 (Sigma, 93443-100ML), 3.125 mM dNTP mix (Thermo Fisher Scientific, R0193), 3.125 uM Oligo-dT 30 VN (IDT, 5’AAG-
CAGTGGTATCAACGCAGAGTACT 30 VN-3’) and 1:600,000 ERCC RNA spike-in mix (Thermo Fisher Scientific, 4456740)) into
384-well hard-shell PCR plates (Biorad HSP3901) using a Tempest liquid handler (Formulatrix). All plates were then spun down
for 1 min at 3220 xg and snap frozen on dry ice. Plates were stored at -80°C until used for sorting.
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GFP-positive DAPI-negative cells were sorted into lysis plates with a BD Influx Cell Sorter using 6 psi pressure and a 130 um nozzle.
Flow cytometry data was analyzed using BD FACS software. Sorted plates were immediately spun down for 1 min and snap frozen on
dry ice until processed.

To maximise cell recovery, wide-mouth low-retention tips pipette tips were used through the cell preparation. Low retention micro-

centrifuge/Eppendorf tubes were also used throughout. All working solutions were adjusted to pH 7.4. and kept on ice, except the
digestion solution that was kept at 37 °C. Spinal cord tissue and cells were kept on ice at all times except during enzymatic digestion.
Cell preparation for droplet-based scRNA-seq (10x Genomics)
For the droplet-based scRNA-seq datasets, we generated samples from 4 young (3 to 4-month-old) and 4 aged (18 to 19-month-old)
C57BL/6J mice, with two animals killed per day: one young and one old. To avoid introducing technical bias,® the two cell prepa-
rations were processed in parallel, alternating which sample was processed first (alternating between 3 to 4-month old sample
followed by the 18 to 19-month old sample, and then the 18 to 19-month sample followed by the 3 to 4-month sample). The cell prep-
aration for 10x scRNA-seq was based on that for plate-based scRNA-seq, with some modifications to improve the cell yield and mini-
mise cell clumps: (1) all the solutions used for cell preparations for 10x scRNA-seq contained 1% (w/v) trehalose as we found that it
greatly improved cell survival'®® and thus cell yield, (2) we added 50 pg/mL (0.28 collagenase Wiinsch units) of Liberase TM (Merck,
cat# 5401119001) in the digestion solution, and (3) added an additional digestion step after the myelin removal step. We also added a
step to lyse red blood cells with the goal of maximising ependymal cell capture. Briefly, mice were deeply anaesthetised and perfused
transcardially with ice-cold, oxygenated aCSF. The spinal cords were carefully dissected out and transferred onto a dish filled with
ice-cold aCSF for microdissection. For 10x scRNA-seq cell preparations the whole spinal cord was used, and the central canal was
identified as an opaque stripe running along the middle of the spinal cord in an open-book preparation. Microdissected central canal
tissue pieces were kept in aCSF on ice until the whole or most of the spinal cord central canal was microdissected for both samples.
Tissue pieces were then incubated in pre-warmed digestion solution (3X TrypLE Select enzyme and 50 ng/mL Liberase TM diluted in
HBSS without calcium and magnesium, 15 mM HEPES, and 10 pg/ml DNase I, 1% (w/v) trehalose) and incubated in an incubator
shaker at 37 °C. Every 15 min, tissue pieces were gently pipetted up and down 10x to facilitate their dissociation. After 65 min of
digestion, cell preparations were gently pipetted up and down 12x with a P1000 pipette tip and 22x with a P200 pipette tip and
wash solution (HBSS without calcium and magnesium, 15 mM HEPES, 0.4% BSA, 0.1% trehalose) was added to stop the digestions.
Cell suspensions were then filtered through a 50 pm cell strainer (CellTrics, Sysmex Europe) and centrifuged at 300 xg for 6 min at 4
°C. Cell pellets were resuspended in red blood cell lysis buffer (Roche, cat# 11814389001) and incubated for 1 min at RT. MACS
buffer was then added and cell suspensions centrifuged at 300 xg for 6 min. Myelin debris was removed from the cell suspensions
using Myelin Removal Beads I kit (Miltenyi Biotec) as described above but with 1 min longer centrifugation steps. Note that this step
seems to deplete most neurons from the cell preparation and thus neurons are underrepresented in 10x datasets. It is also likely that
neurons do not survive well our dissociation protocol. Following myelin removal, cell suspensions were incubated in post-digestion
solution (3X TrypLE Select enzyme, HBSS without calcium and magnesium, 15mM HEPES, 1 mM EDTA, 1% (w/v) trehalose) for 8 min
in the 37 °C incubator shaker. The digestions were stopped with wash solution without EDTA and immediately centrifuged at 300 xg
for 4 min. Cell pellets were quickly but gently resuspended in wash buffer without EDTA and kept on ice until loaded into the Chro-
mium controller (10x Genomics). A small aliquot of each cell suspension was mixed with the same volume of Trypan Blue Solution
(0.4%) (Thermo Fisher Scientific, cat# 15250061) to estimate cell concentration and cell viability before loading the cell preparations
into the Chromium chip (10x Genomics).

Single-cell library preparation and sequencing
Plate-based scRNA-seq
cDNA synthesis was performed using the Smart-seq2 protocol.’*"'°? Briefly, 384-well plates containing single-cell lysates were
thawed on ice followed by first strand synthesis. 0.6 pl of reaction mix (16.7 U/ul SMARTScribe TM Reverse Transcriptase (Takara
Bio, 639538), 1.67 U/ul Recombinant RNase Inhibitor (Takara Bio, 2313B), 1.67X First-Strand Buffer (Takara Bio, 639538), 1.67 uM
TSO (Exigon, 5’-AAGCAGTGGTATCAACGCAGACTACATrGrG+G-3’), 8.33 mM DTT (Bioworld, 40420001-1), 1.67 M Betaine (Sigma,
B0300-5VL), and 10 mM MgCI 2 (Sigma, M1028-10X1ML)) was added to each well using a Tempest liquid handler. Bulk wells
received twice the amount of RT mix (1.2 pl). Reverse transcription was carried out by incubating wells on a ProFlex 2x384 ther-
mal-cycler (Thermo Fisher Scientific) at 42°C for 90 min and stopped by heating at 70°C for 5 min. Subsequently, 1.6 pl of PCR
mix (1.67X KAPA HiFi HotStart ReadyMix (Kapa Biosystems, KK2602), 0.17 uM IS PCR primer (IDT, 5’-AAGCAGTGGTATCAACG-
CAGAGT-3’), and 0.038U/ul Lambda Exonuclease (NEB, M0262L)) was added to each well with a Tempest liquid handler (Formula-
trix). The amplified product was diluted with a ratio of 1 part cDNA to 10 parts 10mM Tris-HCI (Thermo Fisher Scientific, 15568025),
and concentrations were measured with dye-fluorescence assay (Quant-iT dsDNA High Sensitivity kit; Thermo Fisher Scientific,
Q33120) on a SpectraMax i3x microplate reader (Molecular Devices). These wells were reformatted to a new 384-well plate at a con-
centration of 0.3 ng/pl and final volume of 0.4 pl using an Echo 550 acoustic liquid dispenser (Labcyte). If the cell concentration was
below 0.3 ng/ul, 0.4 pul of sample was transferred.

lllumina sequencing libraries were prepared using the Nextera XT Library Sample Preparation kit (lllumina, FC-131-1096).
Each well was mixed with 0.8 ul Nextera tagmentation DNA buffer (lllumina) and 0.4 pl Tn5 enzyme (lllumina), then tagmented at
55°C for 10 min. The reaction was stopped by adding 0.4 pul Neutralize Tagment Buffer (lllumina) and spinning at room temperature
(RT) in a centrifuge at 3220 xg for 5 min. Indexing PCR reactions were performed by adding 0.4 ul of 5 uM i5 indexing primer, 0.4 pl of
5 uM i7 indexing primer, and 1.2 pl of Nextera NPM mix (lllumina). PCR amplification was carried out on a ProFlex 2x384 thermal
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cycler using the following program: 1. 72°C for 3 min, 2. 95°C for 30 s, 3. 12 cycles of 95°C for 10 s, 55°C for 30 s, and 72°C for 1 min,
and 4. 72°C for 5 min.

Following library preparation, wells of each library plate were pooled using a Mosquito liquid handler (TTP Labtech). Pooling was
followed by two purifications using 0.7x AMPure beads (Fisher, A63881). Library quality was assessed using capillary electrophoresis
on a Fragment Analyzer (AATI), and libraries were quantified by qPCR (Kapa Biosystems, KK4923) on a CFX96 Touch Real-Time PCR
Detection System (Biorad). Plate pools were normalized to 2 nM and sequenced on the NovaSeq 6000 Sequencing System (lllumina)
using 2x100bp paired-end reads with an S4 300 cycle kit (Illumina, 20012866).

Droplet-based scRNA-seq (10x Genomics)

cDNA libraries were generated with 10x Genomics Chromium Single Cell 3’ Library and Gel Bead Kit v3.1 following the manufac-
turer’s instructions. Quality control of the cDNA and sequencing libraries was performed using a TapeStation System (Agilent)
with High Sensitivity D5000 ScreenTape and library concentrations were measured with Qubit dsDNA High Sensitivity assay kit
(Thermo Fisher Scientific, cat# Q32851). The eight libraries (one for each mouse) were then pooled for sequencing, taking into ac-
count the expected differences in cell numbers between each library. Sequencing was performed by Edinburgh Genomics (University
of Edinburgh) on two lanes of a NovaSeq 6000 Sequencing System (lllumina) with the following cycle setup for paired-end reads: read
1, 28 cycles; i7 index, 8 cycles; read 2, 91 cycles).

scRNA-seq data preprocessing

Plate-based scRNA-seq (Smart-seq2)

Raw sequencing reads were trimmed to remove contaminating adapter sequences and low-quality ends (using a cutoff threshold of
15) with cutadapt v1.16."%* Reads shorter than 75 nucleotides were filtered out. Trimmed and paired reads were then aligned to the
mouse reference genome (mm10, Ensembil release 98) enhanced with ERCC spike-in and EGFP sequences and quantified using the
STARsolo pipeline within STAR 2.7.7a.%>'%° The output of STARsolo is similar to that of Cell Ranger,®® which we used to generate the
count matrices from the 10x data. STAR parameters were: —soloType SmartSeq —soloUMIdedup Exact —soloStrand Unstranded
—sjdbOverhang 99 —outFilterType BySJout —outFilterMultimapNmax 20 —outSAMtype BAM SortedByCoordinate —outSAMattributes
All -outSAMunmapped Within KeepPairs —quantMode GeneCounts TranscriptomeSAM. Remaining parameters were set to default
values. Gene count matrices were then loaded into Seurat v3.2.2°* for further analysis.

Droplet-based scRNA-seq (10x)

Raw sequencing reads were preprocessed with Cell Ranger v4.0 (10x Genomics) following the manufacturer’s instructions with
default parameters and aligned to the mouse reference genome (mm10, Ensembl release 100). The output filtered feature-barcoded
matrices (count matrices) were then loaded into Seurat v3.2.2% for further analysis.

scRNA-seq quality control, normalization, and dimensionality reduction

All gene count matrices were merged by dataset and processed using Seurat v3.2.2.%* Cells expressing fewer than 500 genes and
genes expressed in fewer than 3 cells were removed. Smart-seqg2 data were normalized with a scale factor of 1,000,000 and 10x data
were normalized with a scale factor 10,000 then log transformed using Seurat’s NormalizeData function. Highly variable features
were identified with the FindVariableFeatures function using the vst method with default parameters. After scaling and centring
the data, the top 2,500 highly variable features were used for principal component analysis (PCA) and significant principal compo-
nents (PCs) were used for graph-based clustering (shared nearest neighbour graph and Louvain clustering using Seurat’s
FindClusters function). The same PCs were used as input to uniform manifold approximation and projection (UMAP)' % for data visu-
alization. Clustering was performed at a range of clustering resolutions and the R package clustree v0.4.3% was used to visualize and
understand relationships between clusters, in combination with differential expression analyses. The most biologically meaningful
clustering resolution was chosen. To annotate cell clusters, differential expression analyses were performed using a Wilcoxon
rank sum test. Cell clusters were manually annotated based on known marker genes and data from www.mousebrain.org.*® Clusters
that co-expressed mutually exclusive markers (i.e. markers that define distinct cell types) were considered doublets and removed
from the datasets. A few, small non-ependymal cell clusters (e.g. microglia) were removed from the Smartseq2 dataset. After
removing potential doublets and contaminating cells, highly variable features, PCA, clustering and visualization was repeated as
described above until no more doublets or contaminating cells remained in the datasets. The resulting datasets were aggregated
or integrated as described below.

Ependymal cell heterogeneity analysis

After initial quality control, filtering, and annotating the 10x dataset of cells from the spinal cord central canal region of young adult
mice, we subset the ependymal cell cluster to integrate it with the Smart-seq2 ependymal cell dataset using Seurat’s canonical cor-
relation analysis (CCA).?* After finding integration anchors and running the IntegrateData function, the workflow described above for
PCA, clustering, and data visualization was performed on the integrated dataset to explore ependymal cell heterogeneity. Multiple
rounds of differential expression testing were performed on the raw (non-integrated) normalised counts using the functions
FindAllMarkers, to identify markers of a cluster compared to all the other cells, and FindMarkers, to identify markers genes that differ-
entiate two specific clusters. A Wilcoxon rank sum test was used for all differential expression testing with a log-fold change threshold
of 0.25 and on genes detected in a minimum of 15% of the cells in each cluster. Cell identities were assign based on known markers
and informed by marker genes and our own findings for mature lateral cells. Clusters that were not defined by the expression of
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unique markers were merged with the closest cluster based on pair-wise differential expression analysis and guided by clustering
tree visualizations. A phylogenetic tree relating the average cell from each cluster (Figure 2B) was estimated based on a distance
matrix constructed in the integrated counts space using Seurat’s BuildClusterTree function.

Ependymal cell ageing analysis

Filtered 10x datasets from cells in the spinal cord central canal region of young adult and aged mice were aggregated and processed
using Seurat v3.2.2.°* An initial analysis was performed as described in "scRNA-seq quality control, normalization, and dimension-
ality reduction" to take advantage of the larger number of cells in the aggregated dataset in identifying cell clusters and marker genes.
We then subset the ependymal cell cluster to study ependymal cell heterogeneity and age-related changes in gene expression and
cellular composition. Highly variable features were identified with Seurat’s FindVariableFeatures function using the vst method with
default parameters. The top 2,500 highly variable features were used for PCA and significant PCs were used for graph-based
clustering (shared nearest neighbour graph and Louvain clustering). The same PCs were used as input to UMAP. Clustering was per-
formed at a range of resolutions and clustree was used to visualise relationships between clusters and to identify the most biologically
meaningful clustering resolution. After performing differential expression testing using a Wilcoxon rank sum test, cell identities were
assigned to each cluster based on known marker genes and data from www.mousebrain.org.®® A cell cluster characterised by the co-
expression of markers of astrocytes and ependymal cells was removed after we could not confirm the existence of such cells in the
tissue. A 3-cell cluster that expressed choroid plexus genes was also removed from the dataset. After removing potential doublets
and contaminating cells, highly variable features, PCA, clustering and visualization was repeated as described above. Multiple
rounds of differential expression testing were performed using the functions FindAlIMarkers and FindMarkers. A Wilcoxon rank
sum test was used for all differential expression testing with a log-fold change threshold of 0.25 and on genes detected in a minimum
of 15% of the cells in each cluster. Cell identities were assign as described in our ependymal cell heterogeneity analysis and clusters
that were not defined by the expression of unique markers were similarly merged with the closest cluster based on pair-wise differ-
ential expression analysis and guided by clustree. Differential expression analysis was performed to identify age-related changes in
gene expression in the ependymal cell population. To do so, age (young or aged) was assigned as cell identities and Seurat’s
FindMarkers function with a log-fold change threshold of 0.2 was used to identify genes that were up- or downregulated in cells
from aged mice in at least 25% of the cells. To calculate the fraction of each ependymal cluster in each sample, the number of cells
from each sample in a given cluster was calculated and normalised to the number of cells per sample. A two-sided Wilcoxon rank sum
test was then performed to test for significant differences in the fractions of cluster between young and aged mice using base R.
P-values below 0.05 are indicated in Figure 3D.

Ependymal cells across the CNS analysis

scRNA-seq data of ependymal cells from across the CNS were obtained from Zeisel et al.*® First, we downloaded a loom file
including curated ependymal cell transcriptomes from www.mousebrain.org (16_r4_ependymal_cells.loom). This file was read with
Seurat via loomR to extract from which 10x runs these cells were captured and then the raw sequencing reads downloaded for pre-
processing and integration with our 10x dataset. All relevant BAM files were converted to FASTQ files using bamtofastq v1.2.0 (10x
Genomics) and preprocessed using the same workflow as described above for our 10x data (see "scRNA-seq data preprocessing
droplet-based scRA-seq"). Count matrices were loaded to Seurat for further analysis. Data from the following tissues were included:
amygdala, hypothalamus, hippocampus, striatum, midbrain, thalamus, pons, medulla, and spinal cord. After removing cells express-
ing fewer than 500 features and genes detected in fewer than 3 cells, the filtered data were normalized with a scale factor of
10,000 UMils per cell and then log transformed. Highly variable features were identified with Seurat’s FindVariableFeatures function
using the vst method with default parameters. The top 2,200 highly variable features were used for PCA and significant PCs were
used for graph-based clustering (shared nearest neighbour graph and Louvain clustering using Seurat’s FindClusters function).
The same significant PCs were used as input to UMAP. Clustering was performed at a range of resolutions and clustree was
used to visualize relationships between clusters and this, in combination with differential expression analyses, was used to set
the most biologically meaningful clustering resolution. Informed by differentially expressed genes, cell clusters were annotated based
on known marker genes and data from www.mousebrain.org. Clusters assigned to ependymal cells were subset from the dataset
and the workflow repeated, from the identification of highly variable genes step to differential expression testing between clusters.
Clusters of non-ependymal identity were removed and the workflow repeated again until the dataset contained only ependymal cells.
Next, we integrated the Zeisel dataset with our 10x spinal cord ependymal cell dataset from young adult mice using Seurat’s CCA.%*
To minimise technical artefacts and challenges due to different Chromium Single Cell 3’ chemistries used to generate the 10x data-
sets, we kept only genes that were detected in both datasets. The data were merged, normalised with a scale factor of 10,000 UMIs
per cell and then log transformed. Highly variable features were identified with Seurat’s FindVariableFeatures function and the vst
method. After selecting 2,000 integration features with the function SelectintegrationFeatures, finding integration anchors and
running the IntegrateData function, the standard workflow for PCA, clustering, and data visualisation was performed on the inte-
grated counts. Multiple rounds of differential expression testing were performed on the raw (non-integrated) normalised counts. A
Wilcoxon rank sum test was used for all differential expression testing with a log-fold change threshold of 0.25 and on genes detected
in a minimum of 25% of the cells in each cluster. Following this, a microglia cluster and a cluster of potential astrocyte and ependymal
cell doublets were removed from the dataset and the workflow described above ran again from finding integration anchors and inte-
grating the data, to performing PCA and selecting significant PCs, clustering at a range of resolutions, visualizing the data with UMAP,
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and performing differential expression testing to assign cell identities. Cell identities were assign based on known markers and the
tissue of origin as recorded in each cell’s metadata. Clusters not defined by the expression of unique markers were merged with the
closest cluster based on pair-wise differential expression analysis and their relationship with other clusters as visualised with
clustree.

Data visualization
UMAP plots showing gene expression patterns were generated using the R package ggplot2®” and the viridis colour palette.'®’
Stacked bar plots, bar plots, and boxplots were also generated with ggplot2. All other plots were generated with Seurat v3.2.2.

GO enrichment analysis

Marker gene lists were generated using Seurat’s FindAllMarkers or FindMarkers functions and based on the non-parametric Wil-
coxon rank sum test with Bonferroni correction. Genes with an adjusted p-value below 0.05 were considered to be differentially ex-
pressed. Marker gene lists for each cluster were uploaded as input to g:Profiler for functional profiling (https://biit.cs.ut.ee/gprofiler/
gost).? Marker genes lists were ordered from the most significant to the least significant adjusted p-value. GO enrichment analysis
was performed using the hypergeometric test and Benjamini-Hochberg FDR correction for multiple testing. GO terms, KEGG, Re-
actome or WikiPathways with an adjusted p-value below 0.01 were reported.

Dual RNAscope and immunofluorescence

Mouse samples

Mice aged 21 days (P21), 3 months and 18 months were anaesthetised and then perfused transcardially with ice-cold phosphate
buffered saline (PBS). The spinal cord was quickly dissected and fixed in ice-cold 4% paraformaldehyde (PFA) for 2 h at 4 °C
(RT). E18.5 embryos were dissected in ice-cold PBS and their spinal cord fixed in ice-cold 4% PFA for 2 h at 4 °C. Spinal cord slices
from spinal cord slice culture experiments were fixed in ice-cold 4% PFA for 2 h at 4 °C. After fixing, all samples were washed in PBS
and equilibrated in 30% sucrose/PBS overnight at 4°C before embedding in OCT (Sakura Tissue-Tek) and storing at -80 °C until pro-
cessed. Samples were cryosectioned in 10 um-thick sections and collected in Superfrost Plus slides (Fisher Scientific). RNAscope
was performed following the manufacturer’'s RNAscope Multiplex Fluorescent Reagent Kit v2 Assay manual (Advanced Cell Diagnos-
tics). Briefly, sections were thawed then covered in Hydrogen Peroxidase for 10 min at RT, washed twice with distilled water, incu-
bated with RNAscope Protease IV for 5 min at RT then washed immediately with PBS. Probes were hybridized for 2 h at 40 °C in
RNAscope’s HybEZ oven then amplified. After washing the slides, we proceeded directly to perform immunofluorescence for
GFP. Slides were washed twice 2 min with PBS containing 0.1% Triton X-100 (PBST), blocked for 1 h in blocking buffer (PBST
with 10% donkey serum) and incubated with the primary antibody chicken anti-GFP (1:250 in blocking buffer) (Abcam, ab13970)
overnight at 4 °C. Slides were washed 3x 5 min in PBST and then incubated with secondary antibody overnight at 4 °C. The following
day, slides were washed 3x 5min in PBST, counterstained with DAPI and mounted with SlowFade™ Gold Antifade Mountant (Thermo
Fisher Scientific).

RNAscope probes used were: Mm-Sntn-C3 (ACD cat# 574191-C3), Mm-Vtn-C3 (ACD cat# 443601-C3), Mm-Zic1 (ACD cat#
493121), Mm-Wnt4-C2 (ACD cat# 401101-C2), Mm-Dkk3 (ACD cat# 400931), Mm-Mia (ACD cat# 400911), Mm-Fos (cat#
316921), Mm-Bhmt (cat# 876991), Mm-Ucma-0O1-C2 (cat# 468431-C2). Opal™ dyes used were: Opal 520 (cat# FP1487001KT),
Opal 570 (cat# FP1488001KT), and Opal 690 (cat# FP1497001KT) (Akoya Biosciences).

Human samples

Fresh-frozen human spinal cord samples (Table S6) from the NBB were serially cryosectioned in 10 um-thick sections and collected
in Superfrost Plus slides. Human embryonic tissue from the HDBR was fixed in 4% PFA for 2 h at 4°C then washed in PBS and
cryoprotected in 30% sucrose overnight, embedded and frozen for cryosectioning, RNAscope was carried out following the man-
ufacturer’s RNAscope Multiplex Fluorescent Reagent Kit v2 Assay manual for fresh frozen tissue (Advanced Cell Diagnostics). Briefly,
sections were fixed 15 min with fresh, ice-cold 4% PFA and then rinsed 2 times with PBS. Sections were then dehydrated in a series
of steps with solutions of increasing ethanol concentration in PBS and then covered with RNAscope Hydrogen Peroxidase for 10 min
at RT and washed twice with distilled water. Sections were incubated with RNAscope Protease IV for 2 min at RT then washed imme-
diately with PBS. Probes were hybridized for 2 h at 40 °C in RNAscope’s HybEZ oven and then amplified. After washing the slides, we
proceeded directly to perform immunofluorescence for FOXJ1. Slides were washed twice 2 min with PBST, blocked for 1 h in block-
ing buffer, and incubated with primary antibody rabbit anti-FOXJ1 (1:50 in blocking buffer) (Sigma-Aldrich, HPA005714) overnight at 4
°C. Slides were washed 3x 5 min in PBST and then incubated with secondary antibody overnight at 4 °C. The following day, slides
were washed 3x 5min in PBST, counterstained with DAPI and mounted with SlowFade™ Gold Antifade Mountant. RNAscope probes
used were: Hs-SNTN (ACD cat# 891411), Hs-ZIC1 (ACD cat# 542991), Hs-ARX (ACD cat# 486711), Hs-PPIB (ACD cat# 313901), Hs-
FOXA2-C3 (ACD, cat# 832221-C3), Hs-PAX6-01-C3 (ACD, cat# 888441-C3). Opal™ dyes used were: Opal 570 (cat# FP1488001KT),
and Opal 690 (cat# FP1497001KT).

Spinal cord slice culture

Spinal cord slice culture experiments were carried out following Fernandez-Zafra et al.®° with some modifications. Briefly, 5-month-
old mice were anaesthetised and then perfused transcardially with ice-cold, oxygenated aCSF and the spinal cord quickly dissected
out in ice-cold aCSF. The thoracic region of the spinal cord was then quickly embedded in 4% low-melting point agarose in PBS
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(Thermo Fisher Scientific) and 350 um spinal cord slices were cut in ice-cold oxygenated aCSF using a vibratome (Leica VT1200). 3-4
spinal cord slices from each mouse were fixed in 4% PFA for 2 h at 4°C immediately after vibratome sectioning to serve as the normal
condition in our experiments. The rest of spinal cord slices were quickly transferred to 30 mm cell culture inserts (Millipore Sigma)
previously coated with 10 mg/mL of poly-L-lysine (Millipore Sigma). Each insert with up to 4 spinal cord slices was then placed in
a well of a 6-well plate filled with 1.5 mL of culture medium (50% Neurobasal-A; B-27; 25% heat inactivated horse serum; 25%
HBSS; 0.25 mM GlutaMax, 15 mM D-glucose; 15 mM HEPES; and 25 ug/ml penicillin/streptomycin). Every other day, 750 pl of cul-
ture medium was replaced with fresh culture medium without disturbing the spinal cord slices or introducing introduce air bubbles.
The spinal cord slices were kept in a humidified incubator at 37 °C with a 5% CO, atmosphere. At the time of collection, cultured
spinal cord slices were fixed in ice-cold 4% PFA for 2 h at 4 °C, then washed in PBS and equilibrated in 30% sucrose/PBS overnight
at 4 °C before embedding in OCT and storing at -80 °C until processed. Dual RNAscope and immunofluorescence using probes Mm-
Sntn-C3 (ACD cat# 574191-C3) and Mm-Mia (ACD cat# 498011) and rat anti-Ki67 antibody (1:100) (Thermo Fisher Scientific, cat# 14-
5698-82; RRID:AB_10854564) was performed as described above for mouse samples.

Spinal cord injury

To induce recombination prior to injury, all Foxj1-CreER™-LSL-tdTomato mice received 2 mg of tamoxifen intraperitoneally dissolved
in 1:9 ethanol:corn oil on two consecutive days. Spinal cord injuries were performed 4 weeks after tamoxifen administration to pre-
vent post-injury recombination. Dorsal funiculus incision injuries were performed as previously described.?° Briefly, mice were deeply
anesthetized with isoflurane and provided with analgesia (Buprenorphine, Schering-Plough, 0.1 mg/kg body weight and Carprofen,
Pfizer, 5 mg/kg body weight). After a T8-T9 laminectomy, the dura mater was removed and the dorsal surface of the spinal cord was
exposed. After the administration of local anaesthesia (Xylocaine/Lidocaine, AstraZeneca, 10 mg/ml, 2 drops on the spinal cord sur-
face) the dorsal funiculus and adjacent grey matter were cut transversely with microsurgical scissors and the incision was extended
rostrally to span one segment. The wounds were sutured, and animals were then returned to their home cage for recovery. Animals
were euthanized via intraperitoneal injection of an overdose of sodium pentobarbital. Animals were then transcardially perfused first
with D-PBS (Gibco) and then with 4% formaldehyde. Spinal cords were postfixed in 4% formaldehyde overnight at 4°C, washed in
D-PBS, equilibrated in 30% sucrose/PBS overnight at 4 °C before embedding in O.C.T. and storing at -80 °C until processed.

Imaging and image processing

All images were acquired with a Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems). All images are shown as
maximum intensity projections of acquired z-stacks of about one cell thickness (6-10 um). Images of the human spinal cord were
taken as tiled z-stacks and were stitched together using the stitching algorithm in the Leica Application Suite X (LAS X) software.
A minimum of two composite images were taken from each human spinal cord sample and a minimum of 5 images were taken
from each mouse. Human spinal cord samples, especially those from older individuals, showed relatively high levels of autofluores-
cence (probably from lipofuscin granules). The probe against the broadly expressed gene PPIB was used to (1) control for RNA quality
and (2) to differentiate autofluorescence and unspecific probe binding, identified as overlapping PPIB and SNTN signal, from real
signal. Images from outside of the human ependyma were also acquired to get a sense of the level of unspecific binding of the probes.
All images were prepared for publication using Fiji.°" In some cases, linear parameters (brightness and contrast) needed to be
adjusted. These adjustments were always applied equally across the entire image. An additional processing step was required to
remove FOXJ1 antibody aggregates (which appear as puncta) in the images in Figures 6C and 6D, added during the paper revision.
Aggregates were removed using the function Remove Outliers in Fiji.91 This step was only applied to the FOXJ1 (grey) channel and not
to the RNAscope channels (where the signal appears as puncta).

QUANTIFICATION AND STATISTICAL ANALYSIS

Images were analyzed using Fiji and cells counted with the Cell Counter plugin.®' For quantification of cells expressing marker genes
across ages, ependymal cells were identified based on GFP immunofluorescence and DAPI-stained nuclei in samples from FOXJ1-
EGFP spinal cords, and based on location within the central canal walls and nuclear morphology as revealed by DAPI (i.e. small oval
nucleus with dense chromatin and multiple nucleoli) in spinal cords from wild-type mice. All ependymal cells within a 10 um confocal
z-stack were counted. Ependymal cells labelled with one or more RNAscope dots either within the GFP-filled cytoplasm in samples
from FOXJ1-EGFP mice or within 2-3 um of the nucleus were considered positive. For quantification of the fractions of Sntn and Ki67-
positive cells in cultured spinal cord slices and injured spinal cord samples from Foxj1-tdTomato mice, ependymal cells were iden-
tified as Mia-expressing cells by RNAscope and as tdTomato-labelled cells by immunofluorescence, respectively. All ependymal
cells in a single optical slice of a 10 um z-stack were counted. Ependymal cells with one or more Sntn RNAscope within 2-3 um
of the nucleus were considered Sntn cells. Ki67-positive cells were identified based on nuclear Ki67 signal. In Foxj1-tdTomato sam-
ples, both ependymal cells remaining around the spinal cord central canal and their migrating progeny were labelled. We limited the
counts to ependymal cells making up the central canal or with a connexion to it to make the quantification comparable to those in the
ex vivo assay. Quantification of the fraction of cells expressing a gene in human spinal cord samples was challenging due to tight
packing of ependymal cells, differing sample quality, and autofluorescence, especially in tissue from older age groups. We thus
report descriptive information about gene expression patterns for these samples.
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No statistical method was used beforehand to determine sample size. The investigators were not blinded, and no data points were
excluded. Data is represented as mean + SD. The number of replicates as well as the type of statistical test performed is indicated in
each figure legend where relevant.

ADDITIONAL RESOURCES

An interactive web application to further explore the spinal cord ependymal cell census and the ageing dataset is available at: https://
ependymalcell.shinyapps.io/ependymal_atlas/.

Developmental Cell 58, 1-17.e1-e10, February 6, 2023 e10


https://ependymalcell.shinyapps.io/ependymal_atlas/
https://ependymalcell.shinyapps.io/ependymal_atlas/

	DEVCEL5573_proof.pdf
	An ependymal cell census identifies heterogeneous and ongoing cell maturation in the adult mouse spinal cord that changes d ...
	Introduction
	Results
	A cell map of the spinal cord central canal region
	Ependymal cells in the mouse spinal cord are transcriptionally heterogeneous
	The fraction of mature spinal cord ependymal cells increases with age
	Sntn spinal cord ependymal cells are transcriptionally similar to postmitotic brain ependymal cells
	Lateral ependymal cell maturation is reversible but quickly regained in the injured spinal cord
	Ependymal cells in the adult human spinal cord express SNTN and change their identity with age

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animals
	Human samples

	Method details
	Cell preparation for scRNA-seq
	Cell preparation for plate-based scRNA-seq (Smart-seq2)
	Cell preparation for droplet-based scRNA-seq (10x Genomics)

	Single-cell library preparation and sequencing
	Plate-based scRNA-seq
	Droplet-based scRNA-seq (10x Genomics)

	scRNA-seq data preprocessing
	Plate-based scRNA-seq (Smart-seq2)
	Droplet-based scRNA-seq (10x)

	scRNA-seq quality control, normalization, and dimensionality reduction
	Ependymal cell heterogeneity analysis
	Ependymal cell ageing analysis
	Ependymal cells across the CNS analysis
	Data visualization
	GO enrichment analysis
	Dual RNAscope and immunofluorescence
	Mouse samples
	Human samples

	Spinal cord slice culture
	Spinal cord injury
	Imaging and image processing

	Quantification and statistical analysis
	Additional resources




