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Central nervous system (CNS) lesions become surrounded by neuroprotective
borders of newly proliferated reactive astrocytes; however, fundamental
features of these cells are poorly understood. Here we show that following
spinal cord injury or stroke, 90% and 10% of border-forming astrocytes

derive, respectively, from proliferating local astrocytes and oligodendrocyte
progenitor cells inadult mice of both sexes. Temporal transcriptome analysis,
single-nucleus RNA sequencing and immunohistochemistry show that after
focal CNSinjury, local mature astrocytes dedifferentiate, proliferate and
become transcriptionally reprogrammed to permanently altered new states,

with persisting downregulation of molecules associated with astrocyte-
neuroninteractions and upregulation of molecules associated with wound
healing, microbial defense and interactions with stromal and immune cells.
These wound repair astrocytes share morphologic and transcriptional
features with perimeningeal limitans astrocytes and are the predominant
source of neuroprotective borders that re-establish CNS integrity around
lesions by separating neural parenchyma from stromal and immune cells as
occurs throughout the healthy CNS.

All organs share the ability to rapidly repair tissue lesions by generat-
ing newly proliferated cells that derive from stromal-cell,immune-cell
and parenchymal-cell lineages. This multicellular proliferative wound
responseisaprotective adaptation that limits tissue damage, sustains
organ integrity and function, and is essential for organism survival'.
In the CNS, astrocytes are key components of a multicellular prolif-
erative wound response that is stimulated by tissue damage across
abroad cross-section of CNS disorders including traumatic injury,

stroke, infection, autoimmune inflammation and certain neurode-
generative diseases”°. Understanding the derivation and temporally
regulated proliferation, maturation, functions and potential failures of
newly proliferated astrocytes during this wound response is fundamen-
tal to understanding and ameliorating the pathophysiology of many
different CNS disorders.

Astrocytes are CNS parenchymal cells of neural progenitor cell
origin’. They contiguously tile the entire CNS and provide multiple
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activities essential for CNS function in health and disease>* . Astro-
cytesrarely dividein healthy adult CNS and exist in a state of potentially
reversible cell cycle arrest (G0)">™. Astrocytes respond to all forms
of CNS injury and disease with molecular, structural and functional
changes commonly referred to as astrocyte reactivity>*". Notably,
astrocyte reactivity can be either nonproliferative or proliferative®*'®
and is tailored to different disorder contexts by multifactorial signal-
ing mechanisms".

Proliferative astrocyte reactivity occursinresponse to overt CNS
tissue damage and results in the formation of borders that surround
tissue damaged by trauma, ischemia, infection, autoimmune inflam-
mation, fibrosis, neoplasm, foreign bodies or pronounced neurode-
generation*'>'*1%25_ Multiple genetically targeted loss-of-function
studies demonstrate that newly proliferated astrocyte borders serve
essential functions that protect adjacent viable neural tissue, such that
transgenic ablation or attenuation of border-forming astrocytes leads
to impaired neural parenchymal wound repair with greater spread of
destructive inflammation, larger fibrotic lesions, increased loss of
neural tissue and impairment of neurological recovery*!>1718232426:29
Aging-associated perturbation of astrocyte proliferation and border
formationis associated withincreased loss of neurons and decreased
functional recovery after spinal cord injury (SCI) in mice®. Despite
the increasingly recognized importance of newly proliferated
border-forming astrocytes, fundamental features of these cells are
poorly understood. Here, we used a combination of transgenically
targeted lineage tracing®*, astrocyte-specific transcriptome analy-
sis'”*, single-nucleus RNA sequencing (snRNA-seq) and immunohisto-
chemical protein detection in mice to identify and selectively profile
the transcriptional changes over time after traumatic injury of the
predominant cellular source of newly proliferated astrocytes.

Results

Derivation of lesion border astrocytes

Studies from multiple laboratories implicate two main potential cel-
lular sources for newly proliferated astrocytes around CNS injuries:
local astrocytes'2%?*** and local oligodendrocyte progenitor cells
(OPCs)**"¥, Here, we used lineage tracing based on tamoxifen-regulated
Cre-reporter expression® to determine the proportional contri-
butions of these cell types to newly proliferated border-forming
astrocytes around hemorrhagic lesions after crush SCI or around
ischemic lesions after forebrain stroke caused by infusion of
N5-(1-iminoethyl)-l-ornithine (L-NIO, Fig. 1 and Extended Data Fig. 1).
Wetargeted thereporter, tdTomato (tdT), to mature astrocytes by using
Aldh111-CreERT*, and to OPCs by using either Pdgfra-CreERT-tdT*’ or
NG2-CreERT-tdT***, and induced temporary Cre expression with a
5-day regimen of tamoxifen dosing in healthy young adult (>8 week
old) mice (Fig. 1a).

Newly proliferated astrocytes around CNS lesions organize into
permanent, high cell density borders with overlapping cell processes
that surround non-neural lesion cores of stromal and fibrotic tissue
after SCl or stroke (Fig. 1b,c,i and Extended Data Fig. 1a)". We quanti-
fied tdT-labeled, lineage-traced, border-forming astrocytes within
representative 250 pm zones immediately adjacent to lesion core
stromal tissue at 14 days after SCl or forebrain stroke (Fig. 1a-d,i,j), a
timepoint by which border formation s largely complete®. As bench-
marks against which to compare tdT labeling, we used Gfap and Sox9,
whichtogether label essentially all newly proliferated border-forming
astrocytes around lesions™?** (Fig. 1c,d,i,j).

In healthy adult spinal cord or striatum, essentially all astrocytes
expressed Sox9 and Aldh1l1-CreERT-td T, confirming previous reports®,
and no astrocytes were detectably derived from OPCs as indicated
by Pdgfra lineage tracing (Extended Data Fig. 1b). In uninjured spinal
cord, all Sox9-positive and Aldh1l1-tdT-positive astrocytes expressed
detectable Gfap, whereas in uninjured striatum, only about 13% did so
(Extended DataFig. 1b).

Lineage tracing showed that after both SCl and stroke, over
90% of Gfap plus Sox9-positive lesion border astrocytes also
expressed Aldh1l1-CreERT-tdT, indicating that these cells derived
from local mature astrocytes (Fig. 1c,d,i,j). Approximately 10%
of Gfap plus Sox9-positive lesion border astrocytes expressed
Pdgfra-CreERT-tdT and transcription factors Sox10 and 1d3, indicat-
ingthat these cells derived fromlocal OPCs and exhibited molecular
features of reactive astrocytes'** (Fig. 1c,d,f,i,j and Extended Data
Fig.1c-e). The proportion of OPC-derived border-forming astro-
cytes was essentially equivalent using NG2-CreERT-tdT lineage
tracing (Fig. 1fand Extended Data Fig. 1c,d). In both SCland stroke,
about 75% of the Pdgfra-CreERT-tdT-positive cells in the lesion bor-
der zone were Olig2-positive but Gfap-negative and Sox9-negative
OPCs (Extended Data Fig. 1f).

To identify newly proliferated cells, bromodeoxyuridine (BrdU)
was administered during a 6-day period from 2 to 7 days after
injury (Fig. 1a). In healthy adult spinal cord or striatum, no astro-
cytes were detectably BrdU-labeled, whereas about 8-10% of OPCs
were (Extended Data Fig. 1g). At 5 days after injuries, lineage-traced
astrocytes expressed the active proliferation marker Ki67 (Fig. 1e).
Quantification of BrdU showed that at 14 days after either SCl or stroke,
at least 75-85% of lesion border astrocytes that were derived from
either astrocytes or OPCs were newly proliferated (Fig. 1g,h,k,l and
Extended Data Fig. 1h), and this is probably a conservative estimate
because BrdU was administered only once daily.

Injury-induced transcriptional reprogramming

As mature Aldhlll-expressing astrocytes are the predominant
source of border-forming cells, we characterized their temporally
dependent transcriptional changes after SCI. We used young adult
(3-4 months old) male and female Aldh1l1-CreERT-RiboTag mice
for hemagglutinin-positive ribosome immunoprecipitation and
cell-specific transcriptome profiling of astrocytes**® in healthy, unin-
jured spinal cord and at 2, 5,14, 28, 42 and 70 days after SCI (Fig. 2a,
Extended Data Fig.2a and Supplementary Data1), spanning periods of
proliferation, border formation and chronic border persistence>"".
Specificity of Aldhll1-CreERT-RiboTag for astrocyte transcriptome
analyses has been demonstrated in brain®® and was confirmed here
for spinal cord (Extended Data Fig. 2a-k). Sequencing of mRNA from
the flow-through solution after RiboTag immunoprecipitation was
used to characterize gene expression by other local cells and enabled
assessment of astrocyte enrichment (Extended Data Fig. 2a,d-k).
Aldhl1l1-CreERT-RiboTag gave equivalent astrocyte-enriched tran-
scriptional profiles as mGfap-Cre-RiboTag"”” but showed depleted
genetic signatures originating from ependyma or OPC-derived cells
that acquire Gfap expression after SCI; and astrocytes derived from
OPCs after SClhad immunohistochemically detectable hemagglutinin
expressionin mGfap-Cre-RiboTagbut notin Aldhll1-CreERT-RiboTag
spinal cords (Extended Data Fig. 2a,d-1). Consistent with previous
reports after stroke*’, we detected negligible sex-dependent transcrip-
tomic differencesinastrocytes after SCI, with four Y-chromosome and
two X-chromosome genes detected as the only differentially expressed
genes (DEGs) (false discovery rate of <0.01) across two independent
post-SCI timepoints comparing eight female and eight male mice
(Extended Data Fig.2m-o).

Using Aldhl1l1-CreERT-RiboTag (Astro-RiboTag) across all six
post-SCI timepoints, a total of 13,527 unique DEGs were identified
compared to healthy baseline levels, with more genes upregulated than
downregulated at all timepoints (Fig. 2b and Supplementary Data 2).
The most DEGs, 9,924, were detected at 2 days, with over 6,000 DEGs
persisting at 28,42 and 70 days (Fig. 2b). The greatest changes occurred
between 0-2and2-5days, with far fewer changes after 14 days (Fig. 2c).

Over 15,722 genes were identified as expressed by healthy spinal
cordastrocytes. Of these genes, 37% (5,755) were primarily downregu-
lated after SCI, 36% (5,598) were primarily upregulated, 7% (1,153) were
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Fig.1|Lineage of border-forming astrocytes that surround CNS lesions.

a, Lineage tracing procedures. b, Spinal cord, uninjured and after SCI, stained by
immunohistochemistry for astrocytes (Gfap) or stromal cells (Cd13). ¢,d, Images
(c) and cell counts (d) of Sox9-positive lesion border astrocytes (LBAs) plus Gfap-
IHC or of lineage tracing with Aldh111-tdT or Pdgfra-tdT after SCI. e, Proliferating
astrocytes labeled with Ki67. f, Staining for Sox9 plus Ng2-tdT. g,h, Newly
proliferated BrdU-labeled astrocytes positive for Aldh1l1-tdT or Pdgfra-tdT after
SCI (individual fluorescence channels are shown in Extended Data Fig. 1h).

ij, Striatum uninjured and after L-NIO stroke, with images (i) and cell counts (j)
of Sox9-positive LBAs plus Gfap-IHC or of lineage tracing with Aldh111-tdT or
Pdgfra-tdT after stroke. k,I, Newly proliferated BrdU-labeled astrocytes positive
for Aldh1l1-tdT or Pdgfra-tdT after stroke. n = 4 mice per group. Allgraphs

were evaluated with one-way ANOVA with Tukey’s post-hoc comparison.

Bar graphs are mean values; error bars, s.e.m. P values are indicated on graphs.
NS, nonsignificant; LC, lesion core; AB, astrocyte border.

dynamically regulated down or up at different timepoints and 20%
(3,216) were not significantly different at any timepoint examined
(Fig.2d). Notably, 92% (12,506 out 0f 13,527) of the total DEGs identified
across all times after SClwere expressed by astrocytes in healthy tissue
(Fig. 2d). Induction of newly expressed genes that were not detectable
inhealthy astrocytes accounted for only 12% (889 out of 7640) of DEGs
upregulated by astrocytes after SCI (Fig. 2d and Supplementary Data2).

Principal component analysis (PCA) of the 13,527 DEGs identified
across all timepoints revealed a clear temporal progression of astro-
cyte transcriptional responses, with two principal components that
accounted for over two-thirds of the total system variation (Fig.2e and
Extended DataFig.2p). PC1, defining the most dominant effect, revealed
acute and transient changes. DEGs withaPClfactorloading of >|0.8|in
the positive or negative direction peaked at 2-5 days after SCI before
returning essentially to baseline healthy astrocyte levels by 28 days,
with roughly equal numbers transiently upregulated or downregulated
(Fig. 2f,g). DEGs defining PC2 increased quickly and largely persisted
with meanvalues of >2 or less than-1across the entire time course, with
more upregulated (854) than downregulated (547) (Fig. 2f,h).

Unsupervised analysis of Gene Ontology Biological Processes
(GO-BPs) showed that transiently upregulated DEGs defining PC1 were
associated with the regulation of gene expression and translational,
cell proliferation, innateimmune signaling and antigen presentation,
whereas transiently downregulated DEGs defining PC1 were associ-
ated with mature CNS structure and glia cell differentiation (Fig. 2i).
Persistently upregulated DEGs defining PC2 were associated with
cytokine production, innate and adaptive immune regulation and extra-
cellular matrix (ECM) organization, whereas persistently downregulated
DEGs defining PC2 were associated with cholesterol and lipid metabo-
lism, neurotransmitter transport and synapse organization (Fig. 2i).

These findings demonstrate that local healthy mature
Aldhlll-expressing astrocytes undergo pronounced, temporally
dependent transcriptional changes during border formation after
SCl, including both transient and persisting changes. Remarkably, 88%
of DEGs upregulated by astrocytes after SCl were already expressed at
detectable levels by healthy astrocytes. Astrocyte border formation
involves permanent transcriptional reprogramming, given that almost
50% of total DEGs persist at 70 days post SCI, including many genes
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Fig. 2| Temporal analysis of SCI-induced astrocyte transcriptional changes.
a, Experimental design. b, Numbers of astrocyte DEGs significantly different
(up or down; false discovery rate, FDR < 0.01) from uninjured healthy mice at
different times. ¢, Number of astrocyte DEGs significantly (FDR < 0.01) changed
between different timepoints. d, Number of healthy astrocyte expressed genes
(EGs) compared with DEGs after SCI that are up, down or not regulated from
healthy, or not expressed in healthy. e, PCA of all DEGs. f, Number of DEGs
defining PC1or PC2. g,h, Heatmaps and mean DEG log, (fold change) (log, FC)

of DEGs defining PC1(g) and PC2 (h). Heatmaps are arranged with the most
upregulated DEGs at the top to most downregulated at the bottom on day 2 after
SCI(g) and on day 70 (h). White spacesindicate no significant change. i, GO-BPs
significantly upregulated (red) or downregulated (blue) asidentified by unbiased
evaluations of DEGs defined by PC1or PC2. FL, PC factor loading. P valuesini
were calculated by two-sided Fisher’s exact test. n = 4 mice for uninjured and all
post-SCl timepoints exceptday 2 (n=5).

not detectably expressed by healthy astrocytes. GO analyses parsed
astrocyte transcriptional changes into profiles related to astrocyte
dedifferentiation and proliferation, astrocyte reactivity, regulation
of inflammation and immune signaling, wound healing and persisting
border formation, examined in more detail below.

Dedifferentiation, proliferation and loss of functions

We next defined more precisely how local mature astrocytes change in
response to SCI. Of the 15,722 total genes expressed by healthy astro-
cytes (Fig.2d), about 60% were upregulated or downregulated at 2 and
5days, and about 35-40% from 28 through 70 days, with the rest remain-
ingunchanged (Fig. 3a). To characterize astrocyte-enriched genes, we
first examined a panel of 429 consensus healthy astrocyte-enriched
genes (CAEGs) identified in at least five of eight published archival
datasets*?, which we confirmed as enriched in our healthy astrocytes
by atleast twofold and up to over 50-fold (Extended Data Fig.3a,band
Supplementary Data2). Nearly all cAEGs (97%; 417 out of 429) were DEGs
after SCland only 3% (12 out of 429) were not significantly different at

any timepoint. Remarkably, 74% (317 out of 429) of cAEGs were primarily
downregulated and only 11% (49 out of 429) were primarily upregulated,
with15% changingin either direction at different times (Fig. 3b). These
changeswerereflectedinapronounced decrease in mean expression of
all 429 cAEGs, which had anegative peak at 2 days followed by areturn
towards baseline by 14 and 28 days, but with an overall downregulation
persisting through 70 days (Fig. 3c). Notably, cAEGs with the highest
enrichment in healthy astrocytes relative to other local cells were the
most downregulated (Extended Data Fig. 3b).

Prominent cAEGs that were acutely downregulated and returned
to baseline included the water channel (Agp4), the calcium binding
protein (§5100b) and Hepacam4, which regulates astrocyte branch-
ing complexity** (Fig. 3d). Prominent cAEGs that were persistently
downregulated included transporters for glutamate (SlcIa2 and
Slcla3), GABA (Slc6al and Slc6all), glutamine (S[c38ac) and D-serine
(Slc7a10), potassium channels (KcnjI0 and Kcnj16), glutamate receptor
subunits (Grin2c and Grm) and synapse modulating molecules (GpcS
and Sparcl1)'** (Fig. 3d). Immunohistochemistry (IHC) confirmed
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certain changes at the protein level and showed, for example, that
many, but not all, lesion border astrocytes had low or undetectable
levels of Gpc5 and Kenjl0 (Fig. 3e,fand Extended Data Fig. 3¢).

To explore more broadly how local healthy astrocytes acutely
changed functional states after SCI, we examined additional spe-
cific DEG cohorts. We first examined 2,806 genes identified by our
RiboTag immunoprecipitation as significantly enriched in healthy
astrocytes by at least twofold and up to 50-fold versus other local
cells (Extended Data Fig. 3a,b and Supplementary Data 2). Similar
to cAEGs, these immunoprecipitation astrocyte-enriched genes
(ipAEGs) exhibited a preponderance of downregulation after SCI,
particularly among those ipAEGs most highly enriched in healthy
astrocytes (Extended Data Fig. 3b). We conducted unsupervised
analysis of GO-BPs associated with significant changes among
these 2,806 ipAEGs after SCI and tracked over time after SCI the
mean expression of ipAEGs associated with representative exam-
ples of the most significantly changed GO-BPs. The majority of
significantly altered GO-BPs were associated with downregulated
ipAEGsrelated to cell differentiation, fatty acid metabolism, general
metabolic processes, vascular morphogenesis, transport across the
blood-brainbarrier, synapse assembly, glutathione production and
cholesterol production (Fig. 3g). The few GO-BPs associated with
upregulated ipAEGs were related to epithelial-to-mesenchymal transi-
tion (EMT), immune functions and ECM reorganization.

We nextexamined GO-BPs associated with all 5,755 DEGs downreg-
ulated by astrocytes at any time after SCI, and again tracked over time
the mean expression of DEGs associated with representative examples
of the most significantly changed. This analysis further confirmed a
pronounced acute and persistent attenuation in the expression by
astrocytes of genes associated with astrocyte-neuron interactions,
neurotransmitter transport, synapse organization, synaptic transmis-
sion and potassium regulation (Fig. 3h).

Cell dedifferentiation can be associated with proliferation*®. Past"
and present Ki67 and BrdU evaluations (Fig. 1e,g,h k,I) and GO-BP
analysis (Fig. 2i) indicate pronounced astrocyte proliferation starting
around 2 days after SCI. We tracked over time after SCl changes among
genes associated with three of the most significantly upregulated
cell proliferation-related GO-BPs identified by PCA (Figs. 2i and 3i,j).
Astrocyte DEGs associated with each of these GO-BPs, and the mean
expression of the unsupervised 91 proliferation-related genes associ-
ated withallthree GO-BPs, were highly upregulated by local astrocytes
at2and 5 days and returned to near baseline levels by 14 days (Fig. 3i,j
and Supplementary Data 2).

Dedifferentiation and proliferation of local healthy
Aldhll1-expressing astrocytes after SCI suggested a potential return
to an immature or progenitor-like state*’. We compared astrocyte
DEGs after SCI with DEG panels positively or negatively associated
with astrocyte maturation during postnatal development derived by
PCA of transcriptomes from healthy astrocytes at postnatal days (P)

from PO to P63 (Extended Data Fig. 3d-h). By 2 and 5 days after SCI,
astrocytes had markedly downregulated mean expression of 2,417
genes associated with maturity and upregulated mean expression of
2,120 genes associated with immaturity, and these changes returned
to essentially baseline levels by 28 days, with a modest upregulation
of some immaturity genes persisting to 70 days (Fig. 3k and Extended
DataFig.3d-h). Of the 429 cAEGs, 192 were positively associated with
the progression toward maturity, and their mean expression declined
and remained persistently low after SCI (Fig. 31,m). Notably, healthy PO
astrocytes expressed high levels of Mki67 and Top2a associated with
active proliferation (Fig. 3j), whereas mature astrocytes in healthy CNS
are proliferation-dormant and exist in a potentially reversible GO state
(Extended Data Fig. 1g). They required two or more days after injury
to express these genes and never reach fragments per kilobase of
transcript per millionmapped reads (FPKM) levels of healthy proliferat-
ing PO astrocytes (Fig. 3j).

These findings demonstrate that local healthy mature
Aldhll1-expressing astrocytes respond acutely to SCI with downreg-
ulation of most astrocyte-enriched genes and a transient phase of
proliferation and immaturity. This is followed by a return of many
transcriptional features of mature astrocytes but with persisting differ-
ences, including a persistent downregulation of molecules associated
with astrocyte-neuron interactions such as maintenance of extracel-
lular neurotransmitter and ion homeostasis, and synapse organization
and function. These findings point towards persistent transcriptional
reprogramming of newly proliferated lesion border astrocytes to new
and different functional states.

Reactivity and gain of functions

To look for potential new functions adopted by newly proliferated
and reprogrammed astrocytes after SCI, we first examined changes
in 170 consensus astrocyte reactivity genes (CARGs) derived from a
meta-analysis of six archival datasets from multiple laboratories*
(Supplementary Data2). All170 cARGs were upregulated on atleast one
timepoint after SCI, 93% (158 out of 170) were upregulated at all time-
points and 92% (157 out of 170) were detectably expressed by healthy
astrocytes (Fig. 4a). Mean cARG expressionincreased 16-fold by 2 days
after SCI, increased to over 50-fold by 5 days and then declined moder-
ately but remained persistently elevated by over eightfold at 70 days
(Fig.4b), consistent with reprogramming to an essentially permanent
reactive state after SCI. Notably, 41 of the top 50 GO-BPs most signifi-
cantly associated with cARGs upregulated at all timepoints involved
regulation of inflammation, while other upregulated GO-BPs included
phagocytosis, ECM organization, synapse pruning and homotypic
cell-celladhesion (Extended Data Fig. 4a). cARGs that were upregulated
by 14 days after SCland remained persistently and highly upregulated
at 70 days included well-studied cARGs such as Gfap, Vim and Lgals3,
as well as molecules that appear in multiple reactive astrocyte RNA
evaluationstudies such as S100a6, Serpina3n, Lyz2, Lcn2, Hsbpl, Clqa,

Fig.3|SCl-induced astrocyte dedifferentiation and proliferation. a, Numbers
of up, down or nonsignificant changes (FDR < 0.01) in 15,722 genes expressed

by uninjured astrocytes at different times after SCI. b, Numbers of up, down or
nonsignificant changes (FDR < 0.01) in 429 cAEGs at different times after SCI.
¢,Meanlog, FC of downregulated cAEGs at different times after SCl relative to
uninjured, and changes between individual timepoints. d, Heatmap of mean

log, FC of selected downregulated cAEGs at different times after SCI. e, Four
different fluorescence channels illuminating different molecular markers within
the same region to reveal the spatial distribution and colocalization of Gpc5
staining at LBA and GM astrocytes. Markedly GpcS immunoreactivities are
reduced in LBAs compared with more distal gray matter (GM) astrocytes after SCI.
f, Kcnjl0 immunoreactivities in LBAs compared with more distal GM astrocytes
after SCI. For individual fluorescence channels, see Extended Data Fig. 3c.

g, Time course of mean expression changes after SCl of ipAEGs (see main text)
associated with representative examples of the most significantly changed

GO-BPs associated with ipAEGs. h, Highly downregulated GO-BPs associated
with all downregulated astrocyte DEGs (whether enriched versus other cells
ornot). i, Time course after SCI of mean changes of DEGs associated with cell
proliferation-related GO-BPs identified by PClin Fig. 2i. j, Time course after SCI
of mean changesin all unsupervised 91 proliferation-related astrocyte DEGs
examined ini, plus two additional canonical proliferation DEGs, Mki67 and
Top2a.k, Time courses after SCl of mean changes in consensus genes associated
with astrocyte maturity or immaturity. I, Time courses after SCI comparing
downregulation of all maturation-associated genes versus consensus genes
expressed by mature astrocytes (CAEGs). m, Time courses after SCl of mean
changes in two specific examples of DEGs, Padi2 and Nes, associated with
astrocyte maturity orimmaturity, respectively. n = 4 mice for uninjured and all
post-SCltimepoints except at day 2 (n=5). Bar and line plots are mean values;
error bars, s.e.m. Pvalues ing-i calculated by two-sided Fisher’s exact test.
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Tyrobp, Trem2, Tgm1i, Ccl3 and Ccl4 (Fig. 4c). IHC confirmed protein
expression by border-forming astrocytes for many of these molecules
after SCland stroke, and revealed that whereas certain proteins such as

Gfapand S100a6 were readily detectable in essentially all Sox9-positive
lesion border astrocytes, many proteins, such as Lgals3 and others
discussed below, were highly expressed in some lesion border

a All astrocyte genes (15,722) b CAEGs (429) [ 15 CAEGs (429) 15
R W Down Not regulated [l Up Il Down Not regulated [l Up 65 ’ S e ’
2 = 1.0 4 2 104
[ w c
_§ 2 I 2 . 8 58
= 5 I s m S< 051 8% 054
@ - . g o 2E ol
3 28 2 - G 2c
9 0T -05 08 -05-
% 42 2 Il cz
70 0 B - 0 ) 3% -10-
'E I T T T T T T T 1 I T T T T = 8 Time post SCI (days) = Q
0o 2 4 6 8 10 12 14 16 0o 100 200 300 400 -1.5 - -1.5 T T T T T T
: 3 . PGP
Number of DEGs relative to healthy (x10°) Number of DEGs relative to healthy RGN AV A A
N G
2
d Select cAEGs e Gpc5 SCI14 d ¥
DEGs (log, FC) I N
. 4 9, VeanDFGsllog PO
ipAEGs (2,806) ati health
2 5 14 28 42 70 = relative to healthy astrocytes -3 3
Aqp4 3 -
ap z 8 GO Biological Process Genes |Pvalue | 2 | 5 (14 |28 | 42|70
Hepacam &
S100b T Cellular amino acid catabolic 12
= N 40/90 2.07x10
Gpc5 % process (GO:0009063)
i 15} Fatty acid metabolic process o
Grin2c g N orocoreoil 43/124  4.44x10°°
Grm3 3
Kenj10 (g' Positive regulation of cell "
: - ) 69/258 3.90x10
Kenj16 differentiation (GO:0045597)
Slc1a2 Monocarboxylic acid metabolic e
process (G0:0032787) 45143 57510
Slc1a3 f
Slc38a3 5 A’te(gg‘gggg%es's 16/30 4.05x107 .
Slc6al % O’oz :
(%] 5
5
Slc7a10 =2 =9
- O = e .
Sparcll NE=R ~ o Positive regulation of EMT -
i g (G0:0010718) 19/42  9.21x10
<
Transport across blood-brain %
h barrier (G0:0150104) 28/5OREE 0RO
ownregulate: ean s (log:
Alld lated M DEGs (logy FC)
astroycte DEGs (5,755) relative to healthy astrocytes -2 0 -
Synapse assembly (GO:0007416)  23/69 3.47 x10
GO Biological Process Genes | Pvalue 2 5 |14 |28 | 42|70
Positive regulation of inflammatory o
Neurotransmitter transport s response (GO:0050729) 27/89 5.05x10
(GO:0006836) 53/73 7.26x10
Neutrophil mediated immunity 4
Synapse organization e (GO:0002446) 97/488 1.59x10
(GO:0050808) 72/126 1.62x10
Glutathione metabolic process 4
Modulation of chemical synaptic o (GO:0006749) 15/43  4.48x10
transmission (GO:0050804) 63/109 1.53x10 Cholesterol bi theti
olesterol biosynthetic process "
Glutamate receptor signaling - (GO:0006695) 13/35 5.34x10
pathway (GO:0007215) 25/37 9.44x10 Extracellular matri ati
Xtracellular matrix organization 4
Potassium ion transport 58/122 6.33x10-° (GO:0030198) 62/300 8.30 %10
(GO:0006813) / -33x1
Regulation of dendritic spine 5 . .
morphogenesis (GO:0061001) 20/32 6.48x10 10 Proliferation DEGs
T
i i Proliferation DEGs collated (91) 8
PC1 transiently Mean DEGs (logy FC) | 15 4 s 6 MKi67
upregulated DEGs relative to healthy astrocytes 0 2 S K
2= 40/ o 4
GO biological process Genes | Pvalue 2 5 |14 (28| 42|70 é,“g ' 2
<] 0.5 4 0.
=9
Pre-replicative complex assembly 2 P
(G0:0036388) 35/64 7.09x10 8 'g 0 & T T T T ) Pl P ——
a § 05 70 14 28 42 56 70 = 20 Ton2
DNA replication (G0:0006260) ~ 40/108 4.59x 10 SO g opza
75 -1.0+ .
. o = 8 Time post SCI (days) w10
Regulation of mitotic cell cycle 52/188 1.64 x10 15 5
phase transition (GO:1901990) /188 1.64 x : ol
0 14 28 42 56 70 Days
DEGs '3 . PO astroc:
7 . ] e ytes P63+ astrocytes
associated with 4 5. . 044 Time post SCI (days) =
astrocyte 0 4- - - - - 33 O£ 0O 14 28 42 56 70 ) .
maturation _i% —j‘}'_ 35 8 = 0 m Maturity DEGs Immaturity DEGs
@417) ] 72 o8 \
88 St -04- 300 —
DEGs | 2z 2% s 240 Padi2 Nes
associated with 28 w2 -08- ¥ 180 80
astrocyte 0+- - - - - Sm O o 120
immaturity | 2 € E2 2- e~ All maturation DEGs (2,417) 60 40
(2120) ) g O maturation s (& e —— ‘
@» 164 —& CAEG maturation DEGs (192) 0 14 28 42 56 70 0 14 28 42 56 70
2 5 14 28 42 70

Time post SCI (days)

Nature Neuroscience


http://www.nature.com/natureneuroscience

Article

https://doi.org/10.1038/s41593-024-01684-6

astrocytes that were intermingled with other astrocytes with low or
no detectable expression (Fig. 4d and Extended Data Fig. 4b).

Given that the injury response involves many cell types®,
we compared the expression of the same genes by astrocytes and
other cells (Extended Data Fig. 3a). Many highly upregulated cARGs
(Fig.4c) werealso highly enriched in other cells, such as Tgm1I, Steap4,
Serpina3n and others (Extended Data Fig. 4c). Nevertheless, many
highly upregulated cARGs were de-enriched in astrocytes relative to
othercells, suchas Tyrobp, Trem2, Cigc, Ccl4 and others, indicating that
although these genes were used by reactive astrocytes, they were also
more prominently used by other cells (Extended Data Fig. 4d). Notably,
astrocytes and other cells often exhibited different temporal patterns
of upregulation or downregulation of these DEGs after SCI, including
changes in opposite directions at different times, suggesting poten-
tially different roles exerted by different cell types at different times
and supporting the specificity of the expression of these transcripts
by astrocytes (Extended Data Fig. 4e).

We next examined 1,129 DEGs upregulated by at least twofold at
all timepoints after SCI (Fig. 4e,f and Supplementary Data 2). Most of
these DEGs had peak expressions at 5days and remained markedly ele-
vated for atleast 70 days (Fig. 4e). We then tracked over time the mean
expression changes of astrocyte DEGs associated with representative
examples of the top GO-BPs associated with these 1,129 DEGs (Fig. 4g).
Remarkably, alltop 15and 40 of the top 50 GO-BPs involved regulation
ofinflammation, including both innate and adaptive immune responses
such as cytokine production, granulocyte chemotaxis, macrophage
activation and lymphocyte regulation (Fig. 4g). Other persistently
upregulated GO-BPsincluded regulation of angiogenesis, phagocytosis
and cell adhesion (Fig. 4g).

Toidentify functions that might be preferentially associated with
transcriptional changes in reactive astrocytes, we compared GO-BPs
associated with upregulated DEGs enriched either in astrocytes or in
other cells. Asnoted above, ipAEGs exhibited amean downregulation
of DEGs butincluded some upregulated DEGs (Extended DataFig. 3b),
of which only 40 were also enriched in astrocytes by over twofold
(Fig. 4h). The top GO-BPs associated with these 40 upregulated and
astrocyte-enriched ipAEGs included response to interferon-gamma
and cytokines, cytosolic calciumregulation and negative regulation of
programmed cell death (Fig. 4i). The top GO-BPs associated with DEGs
enriched and upregulatedin other cells (non-astrocytes) were reorgani-
zation of ECM and angiogenesis, and the top GO-BPs associated with
DEGs similarly upregulated by both astrocytes and non-astrocytes were
cytokine signaling and regulation of innate immunity and inflamma-
tion (Fig. 4i). These findings indicated that gene expression changes
in astrocytes and non-astrocytes contribute to overlapping as well
as to differing biological functions after SCI. Notably, ECM reorgani-
zation was more prominently associated with DEGs deriving from
non-astrocytes (Fig. 4i). Chondroitin sulfate proteoglycans (CSPGs)
are ECM components that have received prominent attention in SCI
and have previously been attributed primarily to astrocytes. Never-
theless, three of six CSPG transcripts were more highly expressed by
non-astrocytes at all timepoints after SCI, and not a single CSPG tran-
script exhibited prominent or persistent upregulation by astrocytes
above baseline healthy levels (Extended Data Fig. 4f).

These findings show that as newly proliferated astrocytes repro-
gram after SCI, they exhibit both transient and persistent upregula-
tion of many different DEGs. Analyses of GO-BPs associated with
persistently upregulated DEGs point towards reprogrammed astro-
cytes adopting new functions after SCI that contribute to innate
immune responses, regulation of inflammation, control of infec-
tion, debris phagocytosis and regulation of angiogenesis, which we
examined further.

Immune regulation, antigen presentation, antimicrobial
defense

The most prominent gain-of-function GO-BPs associated with astro-
cyte transcriptional reprogramming after SCl were related to innate
and adaptive immune responses such as neutrophil recruitment,
microglialand macrophage activation, antigen processing and presen-
tation, antimicrobial activity,and B celland T cell recruitment (Figs. 2i,
3g and 4g). To examine the time course of individual DEG changes
related to these functions, we compiled a list of 2,766 unique genes
associated with these GO-BPs. Of these 2,766 genes, 1,708 exhibited
changes by astrocytes after SCI consisting primarily of acute upregu-
lation at 2-14 days, with some returning towards baseline levels and
many exhibiting long-term upregulation for up to 70 days (Fig. 5a,b
and Supplementary Data 3).

Inaddition to multiple cytokines, chemokines and their receptors,
notableimmune regulatory DEGs acutely upregulated by astrocytes at
2daysafter SClincluded Argl1, Ctss, Hmox1, Hspbl, Serpinel and Lgals3;
persistently upregulated immune regulatory DEGs at 70 days included
Cd74,H2-Ab1, H2-Eb1,H2-Aa, Clga, C3, Trem2, Tyrobp, Serpina3n, Lcn2
and Ctss (Fig. 5b,c). Cytokines included many pro-inflammatory but
alsosome anti-inflammatory (/L11, Tgfb and IL6) molecules (Fig. 5b,c).
Most cytokines peaked rapidly followed by some decline and mod-
erate long-term persistence (Ccl2, Ccl3, Cxcl2, Tnf and SppI), some
cytokines peaked acutely and were downregulated to baseline (Cxci3,
IL6 and /l11) and a few gradually increased their expression over time
(Ccl8) (Fig. 5b,c). Upregulated cytokine and chemokine receptors
included Ccrl, CcrS, 1lirn and Il10ra (Fig. 5¢). We also found evidence
consistent withastrocyte pyroptosis and inflammasome generation*®
with upregulation of Dsdmd, Nlrp3, Pycard, Caspl, Casp4 and Casp8
(Extended Data Fig. 5a). In addition, in agreement with findings from
multiplelaboratories', we found that multiple toll-like receptors were
markedly upregulated by astrocytes from 2 to 14 days, including Tir1,
Tlr4, Tlr6, Tlr7, TIr8 and TIr9, and some of these remained persistently
elevated (Extended DataFig. 5b), consistent with astrocyteinvolvement
indiverse innate immune responses.

We compared expression of the same cytokines and receptorsin
astrocytes and other cells (Fig. 5d). At 2 days after SCI, Cxcl3and Cxcl2
were the most highly upregulated and highly enriched in astrocytes,
suggesting potentially unique roles for astrocytes compared with
other cells (Fig. 5d). Additional cytokines that were both highly upregu-
lated and enriched in astrocytes at 2 days included Ccl2, Ccle6, Ccl9,
Ccl24, Cxcl10, I11b, 1111 and Tnfsf14 (Fig. 5d). Notably, many cytokines
were upregulated by astrocytes but were nevertheless more highly
expressed by other cells at 2days, such as Ccl3, Ccl8and Cxcl16 (Fig. 5d).
By 70 days, Cxcl3had returned to baseline in astrocytes, whereas Cxcl2,

Fig.4|SCl-induced astrocyte transcriptional changes associated with
reactivity and gains of functions. a, Numbers of up, down or nonsignificant
(FDR < 0.01) changes in 170 cARGs at different times after SCI. b, Mean log, FC of
upregulated cARGs at different times after SCland changes between individual
timepoints. ¢, Scatterplot showing log, FC and FPKM of cARGs at 70 days after
SCI. Selected examples of highly expressed and highly upregulated DEGs are
labeled. d, Examples of cARGs with high levels of proteinimmunoreactivity
inLBAs. e, Heatmap of 1,129 astrocyte DEGs upregulated at least twofold at all
times after SCI. f, Scatterplot showing log, FC and FPKM of 1,129 astrocyte DEGs
upregulated at least twofold at all times after SCI. g, Top GO-BTs associated

with1,129 astrocyte DEGs upregulated at least twofold at all times after

SCI. h, Heatmaps of log, (fold enrichment) (log, FE) and log, FC of 40 DEGs
enriched in astrocytes by amean of at least twofold compared with other cells
and upregulated by at least twofold at all timepoints after SCI. i, Top GO-BPs
associated either with 40 DEGs expressed more highly by astrocytes than other
cells, or with 765 DEGs expressed at similar levels by astrocytes and other cells,
or with 209 DEGs expressed more highly by other cells. n = 4 mice for uninjured
and all post-SCI timepoints except at day 2 (n = 5). Bar and line plots are mean
values; error bars, s.e.m. Pvalues in g and i were calculated by two-sided Fisher’s
exact test.
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Ccl8,and Ccl2remained upregulated at levels comparable to other cells
and only Cxcl10 was persistently upregulated and enriched in astro-
cytes, as confirmed also by IHC (Fig. 5d and Extended Data Fig. 5¢). At 2
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Fig. 5| Innate and adaptive immune signaling, complement signaling and
antigen presentation. a, Heatmap of 1,708 consensus inflammation-associated
DEGs upregulated or downregulated by astrocytes at different days after

SCI. b, Scatterplots showing log, FC and FPKM of 1,708 astrocyte consensus
inflammation-associated DEGs at 2 or 70 days after SCI. ¢, Heatmaps of mean
log, FC of selected cytokines and cytokine receptors expressed by astrocytes
after SCI. d, Comparison of relative enrichment and expression levels of various
cytokines and cytokine receptors by astrocytes and by other cellsat 2 and

70 days after SCI. e, Heatmap of mean log, FC of selected complement-

related DEGs expressed by astrocytes after SCI. f, High levels of C3 protein
immunoreactivity in LBAs after SCI. g, Heatmap of mean log, FC of selected DEGs
associated with antigen presentation and expressed by astrocytes after SCI.

h, High levels of H2-Abl or Cd74 protein immunoreactivity in scattered individual
LBAs intermingled among many negative LBAs after SCI. n = 4 mice for uninjured
and all post-SCI timepoints except atday 2 (n =5).

other cells (Fig. 5d). These findings suggest the potential for certain
unique, and many shared, cytokine-related functions among astrocytes
and other cell types after SCI.

Astrocytes also upregulated genes associated with antimicrobial
defense in complement pathways and antigen presentation. Clga,
Clgb and Clgc were upregulated by over 50-fold from 5 days through
at least 70 days after SCI (Fig. 5e). Microbiocidal***° C3 and C4b were
initially downregulated at 2 and 5 days but were then persistently
upregulated through 70 days (Fig. 5e), and immunoreactive C3 protein

was prominently detected in lesion border astrocytes that interfaced
with non-neural lesion core cells in SCland stroke (Fig. 5fand Extended
DataFig. 5d). Notably, although Clq was upregulated by astrocytes, it
was more highly expressed by other cells, whereas C3 was both upregu-
lated and enriched inastrocytes (Extended Data Fig. 5e). Complement
receptors C3arl and C5arl were also upregulated by over 50-fold and
wereinitially enriched in astrocytes but became equally or more highly
expressed by other cells by 28 days and longer after SCI (Extended
DataFig. 5e).
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Additional antimicrobial defense DEGs included Clec4d, Clec4n,
Clec5a and Clec7a, which encode pathogen-associated molecular
patternreceptors for viruses, bacteria and fungi, as well as Ptx3, Lyz2
and Lgals3 (Figs. 4c,d and 5b and Extended Data Fig. 5f,g). Multiple
DEGs associated with antigen presentation and major histocompat-
ibility complex (MHC) class Ilwere not only prominently upregulated
from 5 through 70 days after SCI but in many cases were enriched
in astrocytes compared with other cells, including H2-Aa, H2-Ab1,
H2-EbI and Cd74 (Fig. 5g,h and Extended Data Fig. 5h,i). Notably,
immunoreactive protein for these major histocompatibility complex
class Il and related molecules was high in scattered lesion border
astrocytes but not detectable in others (Fig. 5h and Extended Data
Fig. 5h), consistent with specialized expression among some but
not other astrocytes.

These findings show that the transcriptional reprogramming of
newly proliferated astrocytes after SClincludes both transient and
persistent changes in many DEGs associated with multiple innate and
adaptiveimmune functions, including diverse pro-inflammatory and
some anti-inflammatory cytokine signaling, antigen presentation
and antimicrobial defense. The persistent upregulation of these DEGs
points towards along-term contribution toimmune preparedness by
border-forming astrocytes around persisting CNS lesions.

EMT, wound repair, cell adhesion and border maturation
Another prominently upregulated GO-BP associated with ipAEGs
was ‘regulation of EMT’ (Fig. 3g). We examined a panel of 197 con-
sensus EMT-associated DEGs adapted from Msigdb gene sets*? and
found a rapid acute increase in mean expression that peaked at 2 to
5 days and declined thereafter but remained persistently elevated
above baseline, including prototypical EMT genes such as Vim, Fnl
and Acta2 (Fig. 6a—-c and Supplementary Data 3). Previous studies
have identified EMT genes in astrocyte responses to SCI*>*"*?, and
EMT-associated DEGsinadult cells have beenimplicated in wound heal-
ing®**. Therefore, we conducted a hypothesis-driven analysis of 278
DEGs associated with the GO-BP ‘wound healing’ (GO:0042060) and
alsofound a rapid acute increase in mean expression in astrocytes at
2to5days after SClthat declined gradually but remained persistently
elevated (Fig. 6d and Supplementary Data 3). Notable and unexpected
wound-healing-associated DEGs that were highly expressed by astro-
cytessub-acutely from2-14 days after SClincluded coagulation factors
F7,F10 and F13al, which were upregulated over 50-fold to 100-fold
and enriched in astrocytes compared with other cells (Fig. 6e and
Extended DataFig. 6a); heparin-degrading and hemostasis molecules
Pf4, Hpse and Fermt; heme-degrading enzyme HmoxI1; phagocytosis
promoting Cd44; membrane repair Dysf; tissue remodeling Mmp12and
TimpI; free-radical scavenger Gpx1; and othersincluding Hbegf, Cd109,
Cd151, Mylk and Pdpn (Fig. 6e,f and Extended Data Fig. 6b). Remarkably,
many of these DEGs were both upregulated and enriched in astrocytes
compared with other cells, suggesting unique and important wound
repair functions for reactive astrocytes (Extended Data Fig. 6¢), and
immunoreactive protein for certain molecules such as Mmp12 was
high in some lesion border astrocytes and low or not detectable in
others (Extended Data Fig. 6b).

As noted above, newly proliferated lesion border astrocytes
downregulate the domain-associated cell adhesion molecule (CAM)
Hepacam** (Fig. 3d), and as they mature do not adopt individual
domains but instead reorganize with highly overlapping and inter-
mingled cell processes (Fig. 1c). Therefore, we looked for changes in
DEGs associated with cell-cell interactions by examining a panel of
425 CAMs and cell-cell interaction-associated genes compiled from
gene set enrichment analysis, GO and the literature. After SCI, astro-
cytes exhibited an overall early and persisting mean upregulation in
expression of CAM-associated DEGs, but with about40% of individual
DEGs exhibiting upregulation, 40% downregulation and 20% no change
(Fig. 6g-i, Extended Data Fig. 7a and Supplementary Data 3). Notable

upregulated CAM-associated DEGs included CcnS5, Gpnmb and Spp1
involvedinintegrinbinding; Lgals1 and Fxyd5involved in matrix adhe-
sion; Cdsn, Cd9 and Mfge8involvedin cell-celladhesion; and /tgh2 and
Icaml involved in leukocyte adhesion (Fig. 6h,i and Extended Data
Fig. 7b,c). Notable downregulated CAMs included Hepacam, CldniO,
Cntnl, Kirrel3, Ncaml, NrxnlI and Nign3involved in homophilic astro-
cyte-astrocyteinteractions and interactions with neurons (Fig. 6h and
Extended DataFig. 7b). Many of these CAMs were enriched in astrocytes
compared with other cells (Extended Data Fig. 7d).

The DEGs and associated GO-BPs examined thus far peaked
acutely after SCI. To identify potential features of border-forming
astrocytes that might emerge after the acute period, we next
examined 848 DEGs that were upregulated from 14 to 70 days. PCA
revealed aprominent difference defined by PC1 between 5days and
the more chronic timepoints, and a smaller difference defined by PC2
between 14 and 28-70 days (Fig. 6j). Factor analysis of the 757 DEGs
defining PClrevealed acohort of delayed astrocyte reactivity genes
(dARGs) whose mean expression declined acutely and then increased
and remained high from 14 to 70 days (Fig. 6k and Supplementary
Data3). These dARGs exhibited GO Cellular Components associated
with ciliated cells, ECM interactions and intercalated disk cell-cell
contact interactions (Fig. 61). Notable dARGs at 70 days after SCI
included the transcription factor /d3; proteinase inhibitors A2m, Lxn
and Serpina3i; the neuroprotective endozepine Dbi*’; antioxidants
Mt1, Mt2 and Prdx6; ion transport regulator FxydI; chaperone Clu,
multifunctional Igfbpl1, antimicrobial Lcn2, Nrdgl and Igha; heat
shock protein Cryab; and cilia-associated proteins including Dnalil
and Cfap126 (Fig. 6m,n and Extended Data Fig. 7e,f). Many of these
dARGs were enriched in astrocytes (Extended Data Fig. 7d). Pro-
tein expression for various dARGs was confirmed by IHC and Id3,
Fxyd1 and Prdxé, in particular, were robustly detected in most if
not alllesion border astrocytes (Fig. 6n and Extended Data Fig. 7e).
Delayed expression of /d3 and various cilia-related genes including
Dnalil and Cfap126 (Fig. 6m and Extended Data Fig. 7f) is consistent
with their established roles in proliferation arrest and promotion
of astrocyte differentiation of immature progenitor-like cells and
points towards their possible involvement in ending the tran-
sient phase of proliferation and immaturity observed in the initial
post-injury response'***~%,

Together, these findings show that the transcriptional reprogram-
ming of newly proliferated astrocytes after SClequips astrocytes with
the potential to contribute to important wound healing processes,
including hemostasis, coagulation and breakdown of heme in hemor-
rhagic CNS wounds, free-radical scavenging, and tissue and matrix
remodeling. Remarkably, many of the associated DEGs were not only
upregulated but were also enriched in astrocytes compared with other
cells, suggesting unique and important wound repair functions for
newly proliferated reactive astrocytes. The findings also reveal major
changes in CAM expressions (both up and down) by lesion border
astrocytes around CNS lesions, indicating major readjustments in their
homophilicand heterophilic cell-cellinteractions consistent with their
major change in morphology from cells with unique non-overlapping
cellular domains** to cells with highly overlapping and intertwined
cellular processes (Fig. 1c).

Phenotypic features of mature lesion border astrocytes

We conducted snRNA-seq and immunohistochemical protein analyses
tolook for phenotypic features of mature lesion border astrocytes com-
pared with astrocytesin healthy spinal cord. Weisolated and sequenced
139,981 nuclei from the same region of thoracic spinal cord inuninjured
mice (n=4) and at 28 days after SCI (n =4) when borders are mature
(Fig. 7a). Nuclei were filtered and annotated using panels of multiple
cell-type-specific marker genes, and clusters identified as astrocytes
were extracted for further processing (Extended Data Fig. 8a—-c).
Re-clustering and further extraction based on multiple astrocyte
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Fig. 6| Wound healing, cell adhesion changes and border maturation.
a,Meanlog, FC of a panel of 197 EMT-like DEGs at different times after SCl relative
to uninjured. b, Scatterplot showing log, FC and FPKM of EMT-like DEGs at

Sdays after SCI. ¢, High protein immunoreactivity of the canonical EMT marker,
Vim, in LBAs. d, Mean log, FC of a panel of 278 wound-healing-associated DEGs
atdifferent times after SCI. e, Scatterplot showing log, FC and FPKM of wound
healing DEGs at 5 days after SCI. f, High proteinimmunoreactivity of selected
wound-healing-associated molecules in LBAs. g, Mean log, FC of a panel of 425
celladhesion molecule (CAM) DEGs at different times after SCI. h, Scatterplot

SCl28d

showinglog, FC and FPKM of CAM DEGs at 14 days after SCI. i, High protein
immunoreactivity of selected CAMs in LBAs. j, PCA of 848 DEGs upregulated
from 14 days onwards after SCl relative to 5 days after SCI. k, Mean log, FC of the
757 dARGs that define PC1.1, Top GO Cellular Components associated with the
757 dARGs. m, Scatterplot showing log, FC and FPKM of dARGs at 70 days after
SCI. n, Examples of high proteinimmunoreactivity in LBAs of selected dARGs.
n=4mice foruninjured and all post-SCI timepoints except at day 2 (n = 5). Bar
and line plots are mean values; error bars, s.e.m. P values inl were calculated by
two-sided Fisher’s exact test.

marker genes confidently identified 15,637 astrocyte nuclei that were
used for final analyses (Fig. 7a—e and Extended Data Fig. 8d-h). Expres-
sion changes among astrocyte genes detected by both snRNA-seq and
RiboTag at 28 days after SCl were significantly correlated, including
DEGs highlighted in our analyses (Extended Data Fig. 8i).

Uniform manifold approximation and projection (UMAP) analysis
showed clear separation of uninjured and SCI-derived nuclei (Fig. 7b-e).
Asimilar clear separation was also found in another study*° inaninde-
pendent UMAP evaluation of astrocyte nuclei derived from amulticel-
lular evaluation of lower thoracic spinal cord nuclei of uninjured mice
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and mature LBAs. a, snRNA-seq procedures. b,c, UMAP clusters of astrocyte
nuclei.d, Gfap and Agp4 expression across clusters. e, Proportion of nuclei from
uninjured or SCI mice per cluster. f,g, Heatmaps (f) and violin plots (g) comparing
marker genes enriched in gray (G) or white matter (W) astrocytes across different
clusters. P, perimeningeal; O, OPC-derived; Un, uninjured. h,i, Heatmaps and
violin plots of genes enriched in perimeningeal astrocytes (h) orin OPC-derived

SCI

astrocytes (i). j, PCA comparing changes in different gene cohorts across clusters
after SCI. k, Violin plots of genes enriched in both perimeningeal and reactive
astrocytes compared with uninjured. I-n, IHC of proteins enriched in uninjured
perimeningeal astrocytes and LBAs after SCI. 1,0, Survey images of uninjured (I)
and SCI (o). m,n, Details from boxed region in I showing proteins enriched

in perimeningeal astrocytes. p, Proteins enriched in LBAs. E, ependyma;

M, meninges.
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and mice at 2 months after SCI (Extended Data Fig. 8k,I). Moreover,
expression changes among consensus astrocyte genes detected by
the present study at 28 days after SCl and by the previous study*® at 2
months after SClwere significantly correlated (Extended DataFig. 8k,I).

In our present data, we categorized six major clusters of astro-
cytes: three from uninjured and three from SCI (Fig. 7b—e). Canonical
markers of healthy and reactive astrocytes such as Gfap and Agp4 were
expressed throughout all clusters (Fig. 7d). Consensus markers dis-
criminated healthy gray matter (cluster 0) and white matter (cluster 3)
astrocytes and identified separate major clusters of reactive astrocytes
with transcriptional features associated with gray matter (cluster 2)
and white matter (cluster 1) astrocytes (Fig. 7c-g and Extended Data
Fig. 8e,f). Healthy spinal cord astrocytes also separated into a third
cluster (cluster 4) with enriched expression of molecules such as Myoc,
Cideaand /d3 (Fig. 7c,h and Extended Data Fig. 9a) that have previously
been associated with astrocytes that form so-called limitans borders
adjacent to meninges*>*>°, IHC confirmed robust protein expression
of Myocand Id3 proteinsin healthy perimeningeal astrocytes (Fig. 7m
and Extended Data Fig. 9b). An additional small cluster (cluster 5)
expressed reactive astrocyte markers and was enriched for OPC line-
age markers St18, Sox10, Plp1, HapIn2, Ninj2 and Enppé (Fig.7c,g,iand
Extended Data Fig. 9¢), suggesting that these cells may have derived
from OPCs, although further experiments will be needed to directly
test this possibility. Nevertheless, our findings provide both snRNA-seq
andlineage tracing (Fig.1and Extended Data Fig.1) evidence consistent
with previous observations®* "> that local OPCs can give rise to a small
contingent of lesion border astrocytes, as also noted in another recent
single-cell RNA-seq study®’.

We next evaluated how different gene cohorts consisting of all
DEGs, cAEGs, cARGs or dARGs changed in the different major astrocyte
clusters after SCI. PCA analyses showed that in all cases, gray matter
astrocytes exhibited the greatest changes at 28 days after SCl relative
to healthy, including markedly reduced expression of cCAEGs, and mark-
edly upregulated cARGs and dARGs (Fig. 7j). By contrast, white matter
astrocytes exhibited minimal changes in gene expressions except for
markedly upregulating cARGs (Fig. 7j).

Historical evidence has suggested similarities between astro-
cyte borders around CNS lesions and limitans astrocytes adjacent
to meninges*****, We therefore looked for potential similarities and
differences. Notable DEGs enriched in both healthy perimeningeal
astrocytes (cluster 4) and lesion border reactive astrocytes (clusters1,
2 and 5) compared with healthy gray or white matter astrocytes (clus-
ters 0 and 3) included /d3, Cd44, C3, C4b, A2m, Gpx1, Lxn, Vim, S100a6,
Lgals3, Spp1, Fxydl1, Padi2 and Prdx6 (Fig. 7g,h,k-p and Extended Data
Fig.9b,d-g). Both Myoc and Cidea were selective for healthy perimenin-
gealastrocytes and were essentially not detected inreactive astrocytes
or in healthy gray matter or white matter astrocytes (Fig. 7h,m and
Extended DataFig.9a). Conversely, healthy perimeningeal astrocytes
did not express appreciable levels of multiple markers associated with
overtastrocyte reactivity, including Lyz2, Serpina3n, Fcergl, Ctss, Trem2,
Tyrobp, Clga, Hsbp1 and others (Fig. 8a, Extended Data Figs. 8f,g and
9h). Reactive perimeningeal astrocytes were not discriminated as a
separate cluster, most likely because they become indistinguishable
from other reactive astrocytes owing to the pronounced and persis-
tent downregulation of Myoc and other genes that distinguish them
(Extended DataFig. 9i). Asindicated by our Astro-RiboTag data, certain
reactivity DEGs peaked acutely from 2 to 14 days and then declined by
28 days but continued to be expressed thereafter at levels higher than
inhealthy astrocytes, such as Tyrobp, Trem2, Spil, Lyz2, Lgals3, Ccl4and
others (Fig. 8b,cand Extended Data Fig. 9j), and DEGs with this pattern
were generally not shared with perimeningeal astrocytes (Fig. 8a and
Extended Data Fig. 9h). By contrast, certain other reactivity DEGs only
reached their peak expression at later times, generally after 14 days,
and then persisted at those levels, and this pattern associated with
mature lesion border astrocytes was particularly exhibited by DEGs

such as Gfap, C3,1d3, S100aé6, Prdx6, Fxydl, A2m and others, which
werealso enriched in perimeningeal astrocytes thatalso formborders
to stromal cells of the meninges (Figs. 7k-p and 8d-g and Extended
Data Fig. 9f,g k). These findings indicate that healthy perimeningeal
astrocytes exhibit unique features that distinguish them from healthy
gray matter and white matter astrocytes and share some features with
reactive astrocytes but do not exhibit overt reactivity profiles.

Trem2 and Tyrobp were not detectably expressed in healthy
astrocytes but were robustly upregulated by reactive astrocytes after
SCl as detected by both snRNA-seq and Astro-RiboTag RNA-seq, and
we confirmed protein expression by IHC (Fig. 4c,f and 8a-c,h and
Extended Data Figs. 4e, 8f and 91). We have previously shown that
reactive astrocytes can adopt gene expressions that are unexpected
based ontheir absencein healthy CNS, such as the transcription factor
Spil (ref. 17) (Fig. 8c). Trem2, Tyrobp and Spil are widely regarded as
uniquely expressed by microglia in the CNS®*® but can be expressed
by reactive astrocytes, albeit at levels lower than other cells (Fig. 8i).

The antimicrobial defense factor C3 (refs. 49,50) became persis-
tently upregulated by over sixfold from 28 to 70 days in astrocytes
after SCI, and immunoreactive protein was highly concentrated in
lesionborder astrocytes (Figs. 5e,fand 8d,e). C3 has been proposed as
amarker of asubtype of reactive astrocytes that are neurotoxic to neu-
rons across multiple CNS disorders, and generation of saturated lipids
by astrocyte Elovll has been proposed as the mediator of their neuro-
toxicity®”. We noted here that C3is expressed by certain astrocytes in
healthy tissue, particularly perimeningeal and scattered white matter
astrocytes, and that astrocyte C3 expression declines acutely after SCI
during periods when neurons are lost, after which C3becomes highly
and persistently upregulated in many border-forming astrocytes that
separate inflamed tissue lesions from immediately adjacent surviving
neurons (Figs. 7o and 8d,e and Extended Data Fig. 8e). Inaddition, C3
and Elovl] expression levels changed in opposite directions over time
after SCI (Extended Data Fig. 9m). These findings suggest that C3 may
be expressed by astrocytes to exert natural antimicrobial functions*>*°
around sites of tissue damage and that C3expression is not necessarily
anabsolute indicator of a neurotoxic reactive astrocyte phenotype.

Qualitative and quantitative IHC at single-cell resolution revealed
considerable heterogeneity among lesion border astrocytes. Some
immunoreactive proteins, such as Gfap, Prdx6, Fxydl, Timpl, S100a6,
1d3, A2m, Gpx1 and Cd44, were detectable at persistently high levels
inallor most mature lesionborder astrocytes from28to 70 days after
SCI(Figs.4d, 6n,7p and 8f,g and Extended Data Figs. 4b, 7e and 9n). By
contrast, other proteins, such as Mmp12, Hpse, Cdsn, Lgals3, H2-abl,
Cd74,C3and Tyrobp, were detectable only in variable subsets of lesion
border astrocytes that were intermingled with others with undetect-
ablelevels (Fig. 5Shand 8e and Extended Data Figs. 4b, 5h, 6band 91,0,p).
Moreover, detectable levels ofimmunoreactive protein for certainmol-
ecules showed temporal variation after SCI. For example, the number
of border-forming astrocytes exhibiting detectable immunoreactive
Tyrobp declined from 41% at 14 days after SCI to 20% or fewer at 28
days after SCI (Extended Data Fig. 91,p), a trend that mimicked the
declinein Tyrobp gene expression (Fig. 8c). Notably, those astrocytes
expressing immunoreactive Tyrobp did so at a high level (Extended
Data Fig. 91). By contrast, the number of border-forming astrocytes
exhibiting detectable immunoreactive C3 increased from 14 to
28-70 days (Extended DataFig. 9p), similar to the increase in C3gene
expression over time (Fig. 8c,d).

Certain DEGs, such as the calcium binding protein S100aé6, that
are not expressed by healthy gray matter astrocytes became highly
upregulated by lesion border astrocytes that exhibit gray matter fea-
tures (cluster 2), and immunoreactive S100a6 protein was prominent
in astrocyte borders along lesions adjacent to spared gray matter
(Figs. 7k and 8f and Extended Data Fig. 9k). Other DEGs, such as the
antioxidant Prdx6 and the intercalated disc protein Fxyd1, that were
moderately expressed by healthy gray and white matter astrocytes
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followed by decline (c) or delayed but persistent increase (d) after SCl as detected
by Astro-RiboTag RNA-seq.e,f,g, IHC of proteins C3 (e), S100a6 (f) and Prdx6

(g) in LBAs after SCI. Boxes show locations of expanded regions. h, Scatterplot
comparing mean log, FC and mean FPKM 0f 1,927 pARGs upregulated at least
twofold from 28 to 70 days after SCl as detected by Astro-RiboTag RNA-seq.
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i, Scatterplot comparing mean log, FC and mean log, FE 0f1,927 pARGs
upregulated from 28 to 70 days after SCI. j, GO-BPs associated with 1,927 pARGs
upregulated at least twofold from 28 to 70 days after SCI. k, Summary schematic
showing local astrocyte responses to CNS tissue damage by dedifferentiation,
proliferation and transcriptional reprogramming into border-forming wound
repair astrocytes. Line plots are mean values; error bars, s.e.m.; n = 4 mice for
uninjured and all post-SCl timepoints except day 2 (n =5). P values in (j) calculated

by two-sided Fisher’s exact test.
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as well as perimeningeal astrocytes, became prominently and persis-
tently upregulated by lesion border astrocytes (Fig. 8d,g and Extended
DataFig. 9f,g k). Notably, lesion border astrocytes and perimeningeal
astrocytes shared prominent expression of various immunoreactive
proteins, such as Cd44,A2m, 1d3, C3,S100a6 and Gpx (Fig. 7k-p), that
were expressed atlow or undetectable levelsin healthy gray matter or
white matter astrocytes and therefore have the potential to serve as
combinatorial markers of border astrocytes (Extended DataFig.10a,b).

To identify phenotypic features preferentially associated with
mature reactive lesion border astrocytes compared with other cells
in the lesion area, we examined a cohort of 1,927 DEGs persistently
upregulated by more than twofold from 28 to 70 days after SClin our
Astro-RiboTag data, which we refer to as persisting astrocyte reactivity
genes (pARGs) (Fig. 8h and Supplementary Data 3). We compared the
enrichment of pARG transcriptsin astrocytes versus other cells (Fig. 8i).
The majority of the 1,927 pARGs that were highly and persistently
upregulated by border astrocytes were either expressed at equal (1,330
PARGsS) or greater (335 pARGs) levels by other cells, including Tyrobp,
Trem2, Lyz2, Lgals3, Cxcll, Cxcl9, Ccl3, Ccl4, Clga, Clqc, Fcerlgand Sppl
(Fig.8c,iand Extended DataFig. 9j). Nevertheless, 262 pARGs were both
highly upregulated and highly enriched in astrocytes, including Gfap,
Tgml, Ptx3,A2m, C3, Cdsn, Serpina3n, Hspb1, Id3, Timp1, Vim and others
(Fig.8d,iand Extended DataFig. 9k), suggesting that gene expression
changes in astrocytes and other cells contribute to overlapping as
well as differing functions. The top GO-BPs associated with all 1,927
PARG changesin astrocytes prominently included multiple functions
associated withinnateimmune responses, regulation of inflammation,
wound healing and antimicrobial defense (Fig. 8j).

Discussion
In this Article, we show that after focal CNS tissue damage caused by
SClor stroke, local mature astrocytes dedifferentiate, proliferate and
become transcriptionally reprogrammed into permanently altered
new functional states. They downregulate molecules associated with
homeostatic astrocyte-neuroninteractions and upregulate molecules
associated with wound healing, immune regulation and microbial
defense (Fig. 8k). These wound repair astrocytes share morphologic and
transcriptional features with perimeningeal limitans astrocytesand are
the predominant source of neuroprotective borders that re-establish
tissue integrity around CNS lesions by separating neural parenchyma
fromstromal and immune cells as occurs throughout the healthy CNS.

These findings have implications for understanding the diver-
sity and complexity of astrocyte responses to injury and disease in
different contexts. For example, increasing evidence indicates that
astrocytes, for unknown reasons, attenuate homeostatic functionsin
aging and neurodegenerative disorders. Our findingsindicate that the
downregulation of astrocyte homeostatic functionsis part of anatural
wound repair response controlled by specific signaling mechanisms.
Our findings suggest potential links of such responses to neurode-
generative conditions such as Alzheimer’s disease, in which astrocyte
loss-of-functions and gain-of-functions may contribute to disease
progression®® and in which the top 30 most consistently upregulated
proteins across multiple studies included at least 11 molecules identi-
fied here not only as upregulated by, butalso enriched in, wound repair
astrocytes: Cd44,S100a6, Padi2, Prdx6, C3, Gpx1, Hsbpl, Gpnmb, Clu,
Vim and Gfap®. Understanding the regulation of astrocyte reactivity
responses in different contexts will help identify ways to selectively
attenuate detrimental responses or augment beneficial ones. In this
regard, we posit that the potential dysfunction of astrocyte wound
repair responsesis likely underestimated in CNS disorders. Theidenti-
fication here of additional protein markers associated with these cells
may facilitate future neuropathological studies.

We demonstrate, by lineage tracing and transcriptional pro-
filing, that over 90% of newly proliferated border-forming wound
repair astrocytes derive from local Aldhlll-expressing astrocytes,

and we confirm, by lineage tracing and snRNA-seq, that about 10%
derive from local OPCs**~*°. Future studies using techniques such as
RABID-seq’® or STICR” will be useful to examine whether OPC-derived
or astrocyte-derived border-forming cells contribute overlapping or
differing functions. Ependymal cells have been proposed as the major
source of lesion border astrocytes’?, but this could not be confirmed
by previous lineage-tracing studies, which showed that no meaningful
number of border-forming astrocytes derived from ependymal cells
after SCI* or forebrain stroke”. Consistent with these observations,
our lineage tracing here accounts for essentially all Gfap-positive and
Sox9-positive lesion border astrocytes as derived fromlocal astrocytes
or OPCs.

The question arises as to why newly proliferated astrocytes form
borders around CNS lesions as part of wound repair. Such astrocyte
borders have long been proposed to comprise a ‘glial scar’ that con-
tributes toinferior wound repair and regeneration failure. Preventing
or removing these astrocytes was long regarded as a major goal to
improve outcome. Challenging this notion, alarge and accumulating
body of evidence indicates that preventing or attenuating astrocyte
border formation disrupts wound repair and causesincreased spread
of inflammation, failure of blood-brain barrier repair, increased loss
of neural tissue, decreased functional recovery and in some cases
increased mortality*"'8%>2*262° whereas augmenting astrocyte border
formation reduces lesion size”*.

In healthy CNS, all neural parenchyma is segregated from
non-neural stromal cells either by astrocyte endfeet along blood vessels
or byso-called limitans astrocytes that abut meningeal cells around the
entire CNS. Structural similarities between perimeningeal astrocytes
and lesion border astrocytes have been noted previously**>**, Here,
we extend these observations by showing that lesionborder astrocytes
share molecular similarities with healthy perimeningeal astrocytes
but also exhibit additional transcriptional profiles associated with
wound repair and heightened levels of microbial defense and immune
regulation. Previous histological observations have suggested that
astrocytes surrounding CNS lesions form new limitans borders rather
than scar tissue, particularly in human pathology® . Notably, true
scar tissue derives from proliferating stromal cells that are unable
to reconstitute lost parenchymal cell functions. In pro-regenerative
mammalian organs, such as liver, intestinal epithelia and skin, injury
induces parenchymal cell proliferation that enables tissue regeneration
andrecovery of organ function’ ¢, Proliferating parenchymal cellsin
these other organs are not considered to formscars; instead, scars are
tissue formed by the proliferation of stromal cells when parenchymal
regenerationisinadequate™ ¢, Astrocytes are key neural parenchymal
cells that derive from the same neural stem cells as neurons’. Unlike
mature neurons that are post-mitotic, mature astrocytes can re-enter
the cell cycle and proliferate after injury. Newly generated and repro-
grammed astrocytes around lesions exert a natural CNS parenchymal
cell function when they surround and isolate stromal cell scar tissue
and thereby re-establish CNS tissue integrity. In this manner, they
preserve CNS function by separating functioning neural parenchyma
fromstromal and immune cells as occurs throughout the healthy CNS.
These findings advocate that astrocyte borders around lesions should
no longer be referred to as scars.

The appealing notion of potentially achieving scar-free wound
healing in the adult CNS is supported by observations in mammalian
neonates in which microgliaand astrocytes sustain high levels of prolif-
erationthatenable arapid glia-based repair rather than fibrotic repair,
whichis sufficient to promote neural circuit regeneration and recovery
of function’”’®, This may occur in part because neonatal astrocytes are
already proliferative at the time of injury and may rapidly increase pro-
liferation to replace lost neural parenchymawithout stromal scarring
inamanner similar to pro-regenerative organs. By contrast, astrocytes
in mature CNS are dormant with respect to proliferation, and their
proliferative response to injury is delayed, spatially restricted and
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transient. This response is adequate to generate new astrocyte bor-
ders around the rapidly formed stromal cell scars but is insufficient
to rapidly achieve scar-free parenchymal repair. These observations
supportthe pursuit of strategies that accelerate and extend astrocyte
post-injury proliferative and immaturity states to augment neural
parenchymal repair®>*° or rapidly replace lost glia**in a variety of con-
texts associated with neural parenchymal loss.
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maries, source data, extended data, supplementary information,
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Methods

Animals

Young adult male and female C57BL/6 mice between 2 and 4 months of
ageat thetime of experimental procedure were used for all studies. For
lineage tracing, Ail4 mice expressing the reporter tdT (JAX, 007914)
were crossed with different Cre-driver lines: Aldh1I1-CreERT2 (ref.
38) (JAX, 031008), Pdgfra-CreERT* (JAX, 018280) or NG2-CreERT***
(JAX,008538). For sequencing of astrocyte ribosome-associated RNA,
mice expressing RiboTag» (JAX, 029977) were crossed either with
Aldh1l1-CreERT2 (ref. 38) (JAX, 031008) or with mGfap-Cre-73.12 (ref.
79) (JAX, 012886). For postnatal astrocyte evaluations, mGfap-RiboTag
mice were used at postnatal days PO, P3, P7, P14, P21, P35 and P63.
Transgene expression for each sample was confirmed by genotyp-
ing of collected tail samples before processing for astrocyte-specific
RNA. Mice were housed in a specific pathogen-free facility withal2 h
light-dark cycle and controlled temperature (20-25 °C) and humidity
(50-70%) and were allowed free access to food and water. All in vivo
experiments involving the use of mice were conducted according
to protocols approved by the Animal Research Committee (ARC) of
the Office for Protection of Research Subjects at the University of
California Los Angeles (UCLA), under ARC numbers ARC-2017-044,
ARC-2008-051, ARC-2015-073 and ARC-2000-001. Mice were assigned
to experimental groups randomly although ensuringabalanced num-
ber of males and females. Animals were coded numerically, and all
surgical procedures and subsequent analyses were conducted blind
to experimental condition.

Surgical procedures

Allsurgeries were performed under general anesthesia with isoflurane
in oxygen-enriched air using an operating microscope (Zeiss) and
rodent stereotaxic apparatus (David Kopf). All animals received the
opiate analgesic buprenorphine (0.1 mg kg™) subcutaneously before
surgery and every 12 h for at least 48 h post surgery.

SCI. Laminectomy of a single vertebra was performed at cord level
T10. Atimed (5 s) lateral compression, complete crush SCl was made
using No. 5 Dumont forceps (Fine Science Tools) with a tip width of
0.5 mm. Daily bladder expression was performed for the duration of
experiments or until voluntary voiding returned.

Stroke. After asmall craniotomy over the left coronal suture, 1.5 pl of
L-NIO (N5-(1-iminoethyl)-L-ornithine) (cat. no. 0546, Tocris solution)
(27.4 mg ml " in sterile PBS) was injected into the caudate putamen
nucleus at 0.15 pl min™ using target coordinates relative to bregma
of +0.5 mm A/P, +2.5 mm L/M and -3.0 mm D/V by using a glass
micropipette.

Lineage tracing

Cell lineage tracing was conducted by using tdT reporter protein
targeted to specific cells and temporally regulated via CreERT-loxP
in transgenic mice®. tdT expression was activated in young adult
mice by administering tamoxifen (Sigma, T5648-1G, 20 mg ml™in
corn oil) by intraperitoneal injection (100 mg kg™, once a day) for 5
days followed by clearance for 3 weeks before SCI or stroke, so that
no residual tamoxifen remained. Using this approach, tdT becomes
constitutively expressed by cellsin whichit has beenactivated by Cre
during the period of tamoxifen delivery, and this expressionis passed
on to all progeny cells. Once tamoxifen is no longer administered
and has cleared, only the originally targeted cells and their progeny
expresstdT.

BrdU

BrdU (Sigma-Aldrich),100 mg kg™ day dissolved in saline plus 0.007 N
NaOH, was administered as single daily intraperitoneal injections on
days 2 through 7 after SCI.

Histology and immunohistochemistry

After terminal anesthesia by barbiturate overdose, mice were perfused
transcardially with 4% paraformaldehyde (Electron Microscopy Sci-
ences). Spinal cords were removed, post-fixed overnight and cryopro-
tected in buffered 30% sucrose for 48 h. Frozen sections of the spinal
cordwere prepared in the horizontal plane at 30 pm thickness using a
cryostat microtome (Leica) and processed for immunofluorescence
as previously described?.

Primary antibodies. Primary antibodies used included goat anti-A2m
(1:300, AF1938; R&D Systems), rabbit anti-Aldh1l1 (1:1,000, Ab87117;
Abcam), sheep anti-BrdU (1:800, NB-500-235; Novus), rat anti-C3
(1:400, NB200-540; Novus), goat anti-CD13 (1:600, AF2335; R&D Sys-
tems), rat anti-Cd44 (1:400, 14-0441-82; Invitrogen), rat anti-CD68
(1:1,000,MCA1957; Biorad), rabbit anti-Cd74 (1:200, A13958; Abclonal),
rabbit anti-Cdsn (1:800,13184-1-AP; Proteintech), goat anti-Cxcl10
(1:200, AF-466; Novus), rabbit anti-Dnalil (1:500,17601-1-AP; Protein-
tech), rabbit anti-Fxyd1 (1:800, A15082; Abclonal), rabbit anti-GFAP
(1:2,000, GA524, Z033401-2; Dako/Agilent), rat anti-GFAP (1:1,000,
13-0300; ThermoFisher), rabbit anti-hemagglutinin (1:1,000, H6908;
Sigma-Aldrich), goat anti-Gpc5 (1:200, AF2607; R&D Systems), rabbit
anti-Gpx1 (1:200, 29329-1-AP; Proteintech), goat anti-hemagglutinin
(1:800, NB600-362; Novus Biologicals), rabbit anti-H2-Ab1 (1:200,
A18658; Abclonal), rabbit anti-Hpse (1:200, 24529-1-AP; Proteintech),
guinea pig anti-Ibal (1:1,000, 234004; Synaptic Systems), rabbit
anti-Iba-1(1:800, 019-19741; Wako), rabbit anti-1d3 (1:500, 9837; Cell
Signaling), rabbit anti-Kcnj10 (Kir4.1) (1:400, APC-035; Alomone Labs),
rat anti-Lgals3 (1:200, 14-5301-82; ThermoFisher), rabbit anti-Lxn
(1:500, 13056-1-AP; Proteintech), rabbit anti-Mfge8 (1:200, A12322;
Abclonal), rabbit anti-Mmp12 (1:200, 22989-1-AP; Proteintech), goat
anti-Myoc (1:400, AF2537; Novus), guinea pig anti-NeuN (1:1,000,
266004; Synaptic Systems), rabbit anti-NeuN (1:1,000, ab177487;
Abcam), guinea pig anti-Olig2 (1:800, ABE1024; Millipore), rabbit
anti-Olig2 (1:200, AB9610; Millipore), rabbit anti-Padi2 (1:300,12110-
1-AP; Proteintech), rabbit anti-Prdx6 (1:500, 13585-1-AP; Proteintech),
sheep anti-S100a6 (1:300, AF4584; R&D Systems), rabbit anti-S100a6
(1:200,A3461; Abclonal), goat anti-Serpina3n (1:200, AF4709; R&D Sys-
tems), goat anti-Sox9 (1:800, AF3075; R&D Systems), rabbit anti-Sox9
(1:800, 702016; ThermoFisher), goat anti-Sox10 (1:500, AF2864;
R&D Systems), guinea pig anti-tdT (RFP) (1:1,500, 390-004; Synaptic
Systems), rabbit anti-RFP (1:1,500, 600-401-379; Rockland), rabbit
anti-Timp1 (1:800,16644-1-AP; Proteintech), sheep anti-Trem2 (1:400,
AF1729; Novus), rabbit anti-Tyrobp (1:400,12492S; Cell Signaling) and
rat anti-Vim (1:200, MAB2105; Novus). All antibodies were sourced
from commercial vendors and selected because they had previously
been validated for fluorescent immunohistochemistry in mouse tis-
sue and had a manufacturer-provided demonstration of specificity
based onwesternblotsand, in most cases, validationin peer-reviewed
publications.

Fluorescence secondary antibodies. Alexa 488 (green), Cy3 (550,
red) or Alexa 647 (far red) were used, all from Jackson Immunoresearch
Laboratories. Mouse primary antibodies were visualized using the
Mouse-on-Mouse detection kit (M.0.M., Vector). The nuclear stain was
4 ,6’-diamidino-2-phenylindole dihydrochloride (DAPI, blue; 2 ng ml™;
Molecular Probes). Sections were cover-slipped using ProLong Gold
anti-fade reagent (Invitrogen). Sections were examined and photo-
graphed withan epifluorescence microscope using structured illumi-
nation hardware and deconvolution software (Zeiss).

Quantification of positively stained cells. The number of lesion bor-
derastrocytes expressing specificindividualimmunoreactive proteins
orincorporating BrdU was evaluated by using double and triple labeling
immunohistochemistry combined with analysis of single cellsin three
dimensions. Stacks of optical slices were collected through the z axis
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(15-25 pm) inthe astrocyte bordersimmediately adjacent to and within
250 umof fibrotic lesion cores and were evaluated using the software
Imaris 9.2 (Bitplane), Zen 3.1 (Zeiss) and ImageJ 1.53 (NIH). Values were
expressed as the proportion of Gfap+Sox9-positive cells that were also
positive for a given protein or BrdU. At least 30 cells were evaluated
per animal examined.

Fresh tissue collection and freezing for RiboTag or snRNA-seq
Uninjured mice and mice at various timepoints after complete crush
SCl were perfused with ice-cold heparinized saline prepared using
RNase-free and DNase-free water and 10x PBS for 2 min at 7 ml min™
forblood clearance. Spinal cords were rapidly dissected onice-chilled
blocks. For SCl samples, the lesion core center was identified and a
tissue block of 1 mm rostral and caudal was then rapidly removed. We
have previously shown that astrocyte proliferation after SClin miceis
proportionally highest in the 250 um zone immediately adjacent to
the stromal cell lesion core and is almost as high in the next adjacent
250 um zone and then tapers gradually over about 1 mm®, Our obser-
vations were equivalent here. Histological evaluations indicated that
thelesion core extends rostro-caudally for about 500 pmand contains
few astrocytes. Thus, the block of tissue collected here included the
lesion core and about 750 um of border tissue on either side of the
lesion core, and the overwhelming majority of astrocytes in this tis-
sue block will have been newly proliferated. We purposely made our
dissections of tissue samples as small as possible to include primar-
ily newly proliferated border-forming astrocytes while excluding
nonproliferative astrocytes from adjacent spared neural tissue. Ana-
tomically equivalent regions of spinal cord were taken from uninjured
mice, including from postnatal samples. Tissue samples were rapidly
snap-frozenin microcentrifuge tubes maintainedinadryice bath and
stored at —80 °C until further processing.

RiboTag immunoprecipitation and RNA-seq

Frozen spinal cord tissue was processed by RiboTag immunoprecipita-
tion® using established methods***. In brief, tissue was homogenized
in RiboTaglysis buffer and centrifuged to remove tissue debris. Immu-
noprecipitation of hemagglutinin-positive ribosomes was performed
byincubating withanti-HA.11Epitope Tag Antibody (Biolegend, 901515)
for 4 hin a microcentrifuge tube on a microtube rotator kept at 4 °C.
Immunoprecipitation solutions were combined with Pierce A/G Mag-
netic Beads (ThermoFisher, PI88803) and incubated overnight on a
microtube rotator at 4 °C. On the second day, the solution was sepa-
rated from the magnetic beads and processed as the ‘flow through’
sample representing mRNA of other cells not from RiboTag-positive
cells. Magnetic beads were washed three times with high salt solu-
tion (50 mM Tris pH 7.4, 300 mM KCl, 12 mM MgCl,, 1% NP-40, 1 mM
dithiothreitol (DTT), 100 mg ml™ cyclohexamide). Unpurified RNA
was collected from the magnetic beads by addition of RLT Plus buffer
with BME and vigorous vortexing. RNA was then purified using RNeasy
Plus Mini (for in vitro cell pellets) or Micro Kits (for spinal cord tissue)
(QIAGEN, 74134 and 74034). Total mRNA derived from the RiboTag
immunoprecipitation was quantified using a 2100 Bioanalyzer (Agi-
lent), and RNA samples having RNA integrity numbers greater than
seven were processed for RNA-seq. Sequencing was performed on
poly-A selected libraries using lllumina NovaSeq S2 (UCLA Technol-
ogy Center for Genomics & Bioinformatics) using paired-end reads
(2x50 - 50 bp length) with an average of 50-100M reads per sample
split over two lanes of the S2 flow cell.

Transcriptomics analysis of RiboTag RNA-seq data

Analysis of RNA-seq raw datawas performed in Galaxy using standard-
ized workflows as previously described*’. The Rland R2 FASTQ files from
lanes1and 2 that were obtained directly from the Illumina NovaSeq S2
run were concatenated and cleaned up using the Trimmomatic tool.
Data were then aligned to the M. musculus (mm10) reference genome

using the HISAT2 tool applying default parameters. Gene counts from
the aligned datasets were performed using the featureCounts tool,
applying default parameters. FPKM values were calculated for each gene
directly in Excel (Microsoft) using standardized lists of gene lengths
and normalization of the count data. DEG analysis on raw gene count
data was conducted using Edge-R in Galaxy, applying Benjamini and
Hochberg P value adjustment and TMM normalization. Across all stud-
ies, weused a conservative false discovery rate cutoff of <0.01to define
the significance of DEGs and evaluated at least four unique samples per
experimental group. GO analyses were performed using the Enrichr tool
(https://maayanlab.cloud/Enrichr). Differencesin transcript expression
across samples were evaluated using data-dimensionality reduction
techniques, including principal component analysis and Euclidian dis-
tance as described below. Heatmaps of DEG data were generated using
NG-CHM BUILDER (https://build.ngchm.net/NGCHM-web-builder).
Violin plots of DEGs were generated using Prism 10.

Threshold criteriafor gene expression in healthy astrocytes
Healthy astrocyte expressed genes (AEGs) were defined as having
an FPKM value greater than 0.1, which was a conservative cutoff that
accounted for genes that were no more than one standard deviation
below the mean of the log-transformed dataset and represented the
upper 77% of allgenes that had detectable counts in the dataset. Genes
withan FPKM value at or above this threshold in healthy astrocytes were
considered healthy expressed genes.

Isolation and precipitation of astrocyte nuclei for snRNA-seq

Tissue samples were collected from n =4 uninjured mice and n=4
mice at 28 days after SCl and were rapidly frozen as described above.
To avoid potential batch effects, frozen tissue samples were then all
processed at the same time. To enrich for astrocyte nuclei, we used Sox9
antibody-binding and magnet-assisted nuclear immunoprecipitation
using well-characterized procedures® % as follows. Tissue samples
were first gently dissociated by trituration and pelleted by centrifuga-
tion. Nuclei were extracted from cell pellets by gentle resuspension
inice-cold lysis buffer (10 mM Tris buffer, 10 mM NacCl, 3 mM MgCl,,
0.1% Nonidet P40 Substitute). Nuclei were pelleted by centrifuga-
tion (model 5415R, Eppendorf; 500 r.p.m. for 5 min at 4 °C) and then
resuspended in nuclei wash and resuspension buffer (1x PBS, 1% BSA,
0.2 U ul™ RNase inhibitor) before being washed once more in nuclei
wash and resuspension buffer and then filtered using a5 mlpolystyrene
round-bottom tube with 35 um cell-strainer cap and concentrated to
anuclei concentration of 1,000 nuclei per pl (1 x 10° nuclei per ml),
resuspended and incubated with Sox9 rabbit monoclonal antibody
(ThermoFisher, 72016) for 30 min and then centrifuged at 700xg for
10 min. Pellets were resuspended in 80 pl of MACS buffer composed of
1x PBS (tissue culture grade; Ca*", Mg** free), 0.5% nuclease-free BSA,
and 2 mM EDTA, and then incubated with anti-Rabbit IgG Microbeads
(Miltenyi, 130-048-602) for 20 min at 4 °C. After washing with 1 ml of
MACS buffer at 300xg for 10 min at 4 °C, immunolabeled nuclei were
enriched by magnetic separation using MACS MS columns (Miltenyi,
30-042-201,130-042-102 and 130-042-303). Pellets were resuspended
inanappropriate volume of resuspension buffer to achieve afinal con-
centration of 1,000 nuclei per pl (1 x 10 nuclei per ml) and immediately
processed for library preparation using Chromium Next GEM Single Cell
3’v3.1kits following the manufacturer’sinstructions. Eight library sam-
ples were processed simultaneously for RNA-seq on two lanes (lane 1:
injured-1,injured-2, uninjured-1, uninjured-2; lane 2: injured-3, injured-4,
uninjured-3, uninjured-4) of lllumina NovaSeq S4 with at least 300 M
reads per library sample, conducted in-house by the UCLA Technology
Center for Genomics & Bioinformatics using paired-end reads (2 x 100).

Analysis of snRNA-seq data
Rawsingle-nuclei sequencing data was processed using RNA StarSolo
on the Galaxy Single Cell Omics platform using M. musculus (mm10)
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reference genome, 3M-February-2018 barcode whitelist, the gencode
vM25 annotation list and Cell Ranger v3 configure chemistry options.
Scanpy tools were used through the Galaxy platformto convert genes,
barcodes and matrix files derived from RNA StarSolo into an Ann-
Data matrix h5ad format. Downstream analysis was performed in R
(v4.1) using the Seurat package (v4). The dataset was pre-processed
to remove cells with high mitochondrial reads, filter out genes that
were detected in less than 200 cells and filter out low-quality cells
that had less than 500 attributed genes. We then imposed stringent
quality control metrics on unique molecular identifiers, the number
of genes detected per cell and the proportion of mitochondrial reads
(Extended DataFig. 8b), thereby effectively mitigating the likelihood
of doublet incorporation. Second, we used the CellBender algo-
rithm® to correct for ambient RNA contamination, a factor that can
artificially inflate doublet rates. CellBender’s robust ambient RNA
removal further contributed to the enhancement of data quality.
Our prior investigations®* have revealed a lack of consensus among
various doublet detection algorithms when identifying doublet cells
inidentical datasets. We therefore focused on rigorous upfront qual-
ity control measures and ambient RNA correction as more reliable
avenues for enhancing data fidelity.

Next, we log, normalized the dataset, identified the 4,000 most
variable genes across the total population, computed principal com-
ponents and summarized the top 50 principal components using the
UMAP projection. Clustering of nuclei was performed on the UMAP
data through Seurat using Louvain clustering algorithms with a reso-
lution of 0.3, which resulted in 20 discrete clusters for nuclei from
both uninjured and SCl tissue. Based on feature plot analysis of the
distribution of marker genes in individual nuclei, clusters of nuclei
were annotated as enriched for astrocytes, neurons, oligodendrocytes,
OPCs or microglia on the basis of multiple cell-type-specific marker
genes. Clustersbroadly identified as enriched for astrocytes based on
high expression of Gfap, Agp4, Sic1a2, Aldoc and Clu with low or absent
expression of markers for other cell types (Extended Data Fig. 8c) were
extracted and re-clustered with a resolution of 0.3. We then selected
clusters of astrocytes and eliminated clusters of other cell types based
on panels of multiple consensus marker genes highly enriched in or
selective for uninjured or reactive astrocytes*’ or other specific cell
types®. Examples of marker genes used to identify clusters included
(but were not limited to) Gfap, Agp4, GpcS, Slc7al0, Slcla2, Slc4a4,
Slc39a12, Fgfr3, Aldoc, Clu, Padi2, Fxyd1, Prdxé, Lcn2, Serpina3n, A2m,
Spp1and C3for uninjured or reactive astrocytes; Dnah1i2, Pifo, Odf3b,
Dynlrb2, Cfap126 and Fam183b for ependyma; Pecamli, Ptprb, Adgrf5,
Cytll and Lmcd1 for endothelia; CsfIr, P2ry12 and Ptgs1 for microglia;
Ptprc (Cd45) for leukocytes; Mog and Cldni4for oligodendroglia; Pdg-
fra and Cspg4 (Ng2) for OPCs; Pdgfra for pericytes; Fbnl and Lum for
stroma and fibroblasts; and Syt1 and Stxlafor neurons. Final selection
ofastrocyte clusters was based on high expression of multiple astrocyte
markers combined with low or absent expression of markers of other
cell types as shown for selected examples in Extended Data Fig. 8h.
This process confidently identified 15,637 astrocyte nuclei fromn=4
uninjured mice (1,585,1,576,2,961and 2,648 nuclei per mouse) and n =4
SClmice (1,967,1,859,1,709 and 1,332 nuclei per mouse) that were used
for final analyses after re-clustering with aresolution of 0.15 (Extended
DataFig.8d-g).

PCA

PCA and Euclidean distance analysis were performed using XLStat
(Addinsoft)*. For PCA presented throughout, the first two principal
components were used to display two-dimensional scatterplots. PCA
factor analysis toidentify genes correlated with a particular PCused a
factorloading threshold of >|0.8|. PCA data were represented as Euclid-
ean distance plots throughout. Euclidean distance magnitude calcu-
lations were derived by assessing the vector magnitude in PCA space
of aspecific sample referenced to another sample as aninitial point.

Statistics, power calculations, group sizes and reproducibility
Graph generation and statistical evaluations of repeated measures
were conducted by one-way or two-way ANOVA with Tukey’s post hoc
independent pair-wise analysis or by one-sample ¢-tests in which the
null hypothesis was equal to 100%, as appropriate, using Prism 10
(GraphPad Software). P values for GO evaluations were calculated
by two-sided Fisher’s exact test using the Enrichr tool. Data distri-
bution was assumed to be normal but this was not formally tested.
Statistical details of experiments can be found in the figure legends
including the statistical tests used and the number of replicative sam-
ples. Across all statistical tests, significance was defined as P < 0.05.
Power calculations to determine group sizes were performed using
G*Power Software v3.1.9.2. For immunohistochemical quantification
analysis and RNA-seq, group sizes were calculated to provide at least
80% power when using the following parameters: probability of type |
error (alpha) = 0.05, a conservative effect size of 0.25 and 2-5 treatment
groups with multiple measurements obtained per replicate. Allgraphs
show mean values * s.e.m. as well as individual values as dot plots. All
bar graphsare overlaid with dot plotsin which each dot represents the
value for one animal to show the distribution of data and the number (n)
ofanimals per group. Lineage-tracing studies were repeated indepen-
dently at least three times in different cohorts of mice across a 3-year
period with similar results. Allimmunohistochemistry analyses were
reproducedinatleastn =4 biological replicates.

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

Data availability

Raw FASTQ sequencing files and processed count data have been
deposited at Gene Expression Omnibus and are publicly available
with accessionnumber GSE241628 for RiboTag data, accession number
GSE247844 for our snRNA-seq data from this study and GSE234774
for snRNA-seq data from a previous publication®. All data generated
for this study are included in the main and extended data figures and
supplementary datafiles with lists of different gene cohorts examined.
Forall quantitative figures, source dataare provided in Supplementary
Information. Other data that support the findings of this study are avail-
able on reasonable request from the corresponding authors. Source
dataare provided with this paper.
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