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Sequential INTACT RNA-seq on myeloid populations showed 
that IAM progressively activate temporally distinct gene programs 
to control proliferation and motility at 3 dpi, axon chemoattraction 
and ion channel activity at 7 dpi, and ECM reorganization at 14 dpi. 
Ion channel activities of microglia have been implicated in aiding 
pathologies of neurodegenerative disorders, and electrophysiologi-
cal alterations in activated microglia can influence proliferation, 
migration, ramification, phagocytosis, cytokine secretion, and pro-
duction of reactive oxygen and nitrogen species (38).

We also revealed a core IAM gene program spanning different 
time points, which showed commonalities but also differences com-
pared to the DAM signatures. The converging IAM and DAM gene 
signatures highlighted lipid metabolism, scavenging, and ECM or-
ganization as central microglial activities under diverse CNS pa-
thologies. Despite commonalities, there are notable differences: e.g., 
Trem2 drives microglial phenotypes in AD, but neither Trem2 nor 
its intracellular adaptor Tyrobp was significantly up-regulated in 
IAM. Traumatic injury and neurodegeneration differ in pathological 

Fig. 9. Glial transcriptional responses and HDAC3 dependence in SCI. (A) UMAP plot, astrocyte cluster highlighted in red, and highly expressed marker genes indicated 
on top. n = 905 astrocytes. (B) UMAP plot of astrocyte cluster showing six subclusters. Right: Subclusters color-coded for each condition. (C) Violin plots showing expres-
sion of marker genes for astrocyte subclusters. (D) Frequency heatmap showing astrocyte subcluster proportions relative to all cells in entire sample in each condition. 
(E) Volcano plots showing DEGs in astrocytes (Astro1 to Astro4) of the indicated comparisons. n = 621 astrocytes in CTRL, 76 in SCI, and 121 in SCI_HDAC3i. (F) Venn dia-
gram and pathway enrichment of injury response genes and HDAC3-regulated genes in reactive astrocytes. (G) Volcano plot and pathway enrichment of HDAC3-dependent 
DEGs in fibroblasts in SCI. n = 28 in SCI and 57 in SCI_HDAC3i. (H) UMAP plot, oligodendrocyte, and OPC clusters highlighted in red. Highly expressed marker genes 
are indicated above. n = 2815 oligodendrocytes and 318 OPCs. (I) UMAP plot showing subclusters of OPC and oligodendrocytes. Right: Subclusters color-coded for each 
condition. (J) Frequency heatmap showing subclusters proportion relative to all cells in entire sample in each condition. (K) Ontology and pathway enrichment of the top 
30 DEGs in subcluster OPC3 (versus other OPC subclusters) and Oligo5 (versus other Oligo subclusters). GTPase, guanosine triphosphatase; BDNF, brain-derived 
neurotrophic factor.
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triggers, blood-brain barrier integrity, disease foci spread, and time 
frame. Moreover, infiltrating macrophages are abundant in injured 
spinal cord but not in AD brains (37). The time points are also rather 
different: For the DAM study (5), scRNA-seq studies were conducted 
on immune cells isolated by FACS from whole AD brains at 1, 3, 4, 
and 8 months, revealing a progressive increase of plaque-associated 
microglia, a small population compared to the much larger homeo-
static microglia population; in contrast, our INTACT RNA-seq study 
was conducted at 3, 7, and 14 dpi, providing a defined temporal tra-
jectory of the IAM gene program over the course of days.

Our data endorse a persistent reparative function for IAM, sup-
ported by the following: (i) Phagocytic genes (Lpl, Cst7, and Cd9) 
remained induced at 14 dpi, signifying ongoing debris clearing; 
(ii) ECM genes and trophic factors were highly expressed; and 
(iii) the anti-inflammatory hallmark gene set was enriched at all 
stages. Notably, earlier reports on up-regulation of M1 genes and 
down-regulation of M2 genes were based on microarray analysis on 
whole spinal cord tissue (3); our INTACT RNA-seq revealed no 
overt changes of M1/M2 genes in myeloid cells; and our scRNA-seq 
further unveiled their heterogeneous expression patterns in myeloid 
subclusters, for instance, MG2 and Mac1 were the main myeloid 
subclusters that were enriched for IAM and DAM signatures genes. 
Our data therefore underscore a more nuanced view of neuro
inflammation than the conceptual dichotomy of pro- versus anti-
inflammatory phenotypes. In addition, a large number of exons 
displayed differential splicing in IAM, and consistently, genes grouped 
in cluster 2 were enriched for spliceosome. Future studies are needed 
in regard to the function and involvement of RNA-binding regula-
tory proteins, as well as comparisons of alternative exon usage be-
tween DAM and IAM.

The scRNA-seq data revealed four transcriptional subtypes of 
microglia: an immunity-focused MG1, a reactive MG2, an immedi-
ate response MG3, and a proliferative MG4. Contrary to the as-
sumption of a uniform population of homeostatic microglia, all 
four microglial subtypes were already present in uninjured spinal 
cord, indicating a variety of cell states at baseline. Although homeo-
static marker genes were down-regulated in IAM as a whole after 
SCI (signifying release from homeostatic checkpoints), the activated 
microglia population was not uniform, with MG2 experiencing the 
largest expansion after SCI, but the homeostatic MG1 was also ex-
panded. Our trajectory study mapped the microglia transformation 
along a continuous trajectory, starting from MG3 (likely a source 
population), progressing toward MG1 and MG2, and ending in 
MG4. The current study provided a snapshot of microglial hetero-
geneity at 5 dpi; it is not clear whether individual microglial cells 
can switch from one subtype to another or whether proliferation 
largely accounts for subtype expansion. Future longitudinal track-
ing of different microglial subclusters would help to resolve the flu-
idity of functional states over time.

The current study also advanced our understanding of the ef-
fects of HDAC3 inhibition in SCI: (i) Microglia and macrophages 
responded differently to the HDAC3i, but the common HDAC3-
dependent genes in both populations regulate chemotaxis, chemokine 
activity, RANKL, and p38 MAPK signaling, thus echoing our earlier 
finding of an immunosuppressive function of HDAC3i (7). (ii) Hdac3 
expression was not uniform among microglia, but predominantly 
in the proliferative MG4. Single-cell trajectory studies with pseudo-
time inference revealed that HDAC3i resulted in a shift to MG4 
as the starting point of microglia transformation, consistent with 

HDAC3-dependent genes being enriched in MG4 and linked to 
proliferation. Hence, we identified a subpopulation of microglia 
that is highly proliferative and heavily influenced by HADC3 activity. 
(iii) scRNA-seq revealed that Hdac3 was widely expressed in several 
cell types in adult spinal cord. Our results showed widespread influ-
ence of HDAC3i on transcriptional states of not only myeloid cells 
but also other glial cells.

Our INTACT RNA-seq studies were conducted in the transec-
tion SCI model and the scRNA-seq studies in the contusion model. 
Although both are traumatic injuries and likely trigger converging 
transcriptional responses in glial cells, in hindsight, it would have 
been useful to conduct studies using the same SCI model with match-
ing time points to facilitate direct comparison, particularly for cell 
compositions. In addition, while our study represents a first step to 
unravel the molecular underpinning of the complexity of immune 
response and glial activation after SCI, additional immunostaining 
and functional validations are needed.

In summary, we found a wide range of activation states in mi-
croglia, both at steady state and after SCI. Activated microglia and 
infiltrating macrophages progressively acquired overall reparative, 
but highly diversified transcriptional profiles, each comprising four 
distinct transcriptional subtypes with specialized tasks. The injury 
responses and functional diversifications of immune and glial cells 
are influenced by the chromatin regulator HDAC3, which may be 
exploited to enhance neural repair.

MATERIALS AND METHODS
Mice
All animal procedures were performed according to protocols ap-
proved by the Institutional Animal Care and Use Committee of the 
Icahn School of Medicine at Mount Sinai. Cx3cr1CreER mice expressing 
tamoxifen-inducible Cre recombinase (CreER) under the control of 
the endogenous Cx3cr1 promoter (15) were obtained from the Jackson 
laboratory (Cx3cr1tm2.1(cre/ERT2)Litt; JAX #021160). The Cx3cr1CreER 
mice were crossed with Rosa26-loxP-STOP-loxP-INTACT reporter 
mice [Gt(ROSA)26Sortm5(CAG-Sun1/sfGFP)Nat; JAX #021039]; in the INTACT 
reporter allele, the C terminus of Sun1, a nuclear membrane protein, 
is tagged with two tandem copies of superfolder GFP and six copies 
of the Myc epitope (13). Cx3cr1CreER/+ Rosa26INTACT/+ mice were 
healthy and fertile, and tamoxifen (100 mg/kg; Sigma-Aldrich, T5648) 
was injected intraperitoneally to activate INTACT-GFP reporter 
expression. The Cx3cr1GFP reporter line (39) was obtained from the 
Jackson laboratory (Cx3cr1tm1Litt; JAX #005582). All mouse strains were 
backcrossed and maintained on a C57BL/6J genetic background.

Genotyping primers for Cx3cr1CreER mice are as follows: C-F1, 
AAGACTCACGTGGACCTGCT; M-R1, CGGTTATTCAACTTG-
CACCA; and WT-R2, AGGATGTTGACTTCCGAGTTG [band 
sizes: wild type (WT) is 695 base pairs (bp) and Cre allele is 300 bp]; 
for Rosa26INTACT mice: C-F1, GCACTTGCTCTCCCAAAGTC; WT-
R1, CATAGTCTAACTCGCGACACTG; and M-R2, GTTATGTA-
ACGCGGAACTCC (WT is 557 bp and INTACT reporter allele is 
~300 bp); for Cx3cr1GFP mice: WT, GTCTTCACGTTCGGTCTG-
GT; C, CCCAGACACTCGTTGTCCTT; and M, CTCCCCCT-
GAACCTGAAAC (WT is 410 bp and GFP allele is ~500 bp).

Spinal cord transection injury model
For INTACT SCI studies with a T8 transection model, 6- to 8-week-
old Cx3cr1CreER/+ Rosa26INTACT/+ mice were used. Mice were 
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anesthetized using isofluorane (Baxter Healthcare, NDC 10019-360-40) 
immediately before start of surgeries. Dorsal column transection 
injuries were performed as previously described (7). Briefly, the 
lamina of T8 spinal segment was exposed and removed, and the 
dorsal column was transected bilaterally using Iris microscissors 
(Fine Science Tools, 15000-00), with maximum depth reaching 
~0.8 mm. For sham control, only T8 laminectomy was performed. 
All animals received subcutaneous injection of saline (1 ml), Baytril 
(10 mg/kg), and buprenorphine (0.05 mg/kg) every day for the 
first week following surgery. For INTACT purification, each time 
point (sham, 3, 7, and14 dpi) was composed of spinal cords from 
three animals pooled together. In total, 9 animals were used per 
time point, making it a total of 36 animals to obtain n = 3 for each 
time point.

Purification of INTACT GFP+ nuclei
Affinity immunopurification of INTACT-GFP-tagged nuclei was 
performed as previously described (13). Animals were euthanized 
in a CO2 chamber, and spinal cords (from 5 mm rostral to 5 mm 
caudal to injury site) were rapidly dissected on ice and pooled from 
three animals for each sample. Nuclei were separated from cellular 
debris using an iodixanol gradient, wherein the nuclei separated out 
at the interphase between the 30 and 40% phases. We obtained between 
1.5 million and 2 million nuclei per purification, which were then 
incubated with 10 l of rabbit monoclonal anti-GFP antibody 
(0.2 mg/ml; Life Technologies, G10362). Protein G Dynabeads 
(Invitrogen, 10004D) were added to this mixture and incubated for 
20  min for magnetic separation of GFP-positive nuclei, and the 
solution was then passed through a 20-m filter (CellTrics, Sysmex, 
Partec GmbH, 04-0042-2315). All steps were performed at 4°C.

Total nuclei yields and the percentage of GFP+ nuclei were cal-
culated as previously described (13). Specifically, from the initial 
~2 million nuclei obtained per preparation, an aliquot was saved and 
stained with 4′,6-diamidino-2-phenylindole (DAPI). About 9% nu-
clei from this fraction were GFP+, as counted by either fluorescence 
microscopy or using hemocytometer chambers. In the final bead-
bound fraction, we obtained 95 to 98% purity of GFP+ cells. These 
nuclei were stored at −80°C for subsequent nuclear RNA extractions, 
qRT-PCRs, and RNA-seq.

RNA extraction, library preparation, and sequencing
GFP+ bead-bound nuclei were resuspended in buffer RLT for RNA 
extraction using the QIAGEN RNeasy Micro Kit, along with the 
recommended on-column deoxyribonuclease digestion (QIAGEN, 
74004). RNA quality and concentrations were measured using an 
Agilent Bioanalyzer (Agilent RNA 6000 Pico, 5067-1513), and samples 
having RNA integrity number (RIN) scores higher than 7 were used. 
Total RNA was converted to cDNA and amplified using the Ovation 
RNA-Seq System V2 (Nugen, 7102). All samples underwent single 
primer isothermal amplification (Ovation RNA-Seq System V2, NuGen, 
7102-08) before library preparation [NEBNext Ultra DNA Library Prep 
Kit for Illumina; New England Biolabs (NEB), 7370S]. Three independent 
samples for each condition were barcoded using the NEBNext 
Index primers (NEB, E7335S), pooled together as one sample, and 
run on the Illumina platform HiSeq 2500 (Rapid Mode, 2 × 50 bp) 
(Macrogen). RNA-seq generated 40 to 80 million paired reads per 
library (table S1). For qRT-PCR, first-strand cDNA synthesis was 
performed using the SuperScript III First-Strand Synthesis System, 
followed by second-strand cDNA synthesis (Invitrogen, 18080-051).

Quantitative real-time RT-PCR
Quantitative PCR was performed using PerfeCTa SYBR Green 
FastMix Rox (Quanta Biosciences) in an ABI 7900HT quantitative 
PCR system (Applied Biosystems). Tfrc or Gapdh was used as 
housekeeping genes. Sequences of primers used are as follows: 
Gpr84, CTCCTGCTACCATGAGTCTGT (forward) and GTGCAG-
TAGAGTAGATCAGCCA (reverse); Itgam, ATGGACGCTGATGG-
CAATACC (forward) and TCCCCATTCACGTCTCCCA (reverse); 
and Tnf, CCCTCACACTCAGATCATCTTC (forward) and GC-
TACGACGTGGGCTACAG (reverse).

IHC and microscopy
Sham control animals (laminectomy only) and mice subjected to 
SCI were euthanized and perfused using ice-cold 4% paraformalde-
hyde (Thermo Fisher Scientific, AC416785000) in phosphate-buffered 
saline (PBS). Spinal cords at the injury site were dissected, postfixed 
overnight, and embedded in O.C.T. compound (Tissue-Tek) (Thermo 
Fisher Scientific, 4585). Sections were cut at 12-m thickness and 
collected onto SuperFrost Plus  slides (VWR, 48311-703) and stored at 
−20°C. The sections were washed with 1× PBS, incubated with blocking 
buffer with 5% normal donkey serum (Jackson ImmunoResearch, 
017-000-121) and 0.3% Triton X-100 (Acros Organics, 21568-2500) 
in PBS for an hour at room temperature before adding primary anti-
bodies diluted in antibody dilution buffer with 1% bovine serum 
albumin (Fisher BioReagents, BP9703100) and 0.3% Triton X-100 in 
PBS, and slides were incubated overnight at 4°C. Primary antibod-
ies and dilutions used are as follows: anti-GFP chicken (Aves Labs, 
GFP-1020) (1:1000), anti-IBA1 rabbit (Wako Laboratory Chemicals, 
019-19741) (1:500), anti-IBA1 goat (Novus Biologicals, NB100-1028) 
(1:500), anti-CD11b goat (MyBioSource, MBS420973) (1:300), 
anti-CD45 rat (BD Biosciences, 550539) (1:50), anti-CD68 rat (Bio-Rad, 
MCA1957GA) (1:300), anti-CD11c Armenian hamster (Thermo 
Fisher Scientific, N418) (1:300), anti-CD206 goat (R&D Systems, 
AF2535) (1:400), anti-TMEM119 rabbit (Abcam, ab209064) (1:200), 
anti-P2ry12 rat (BioLegend, 848001) (1:100), anti-LPL rabbit (Bioss 
Antibodies, bs-1973r) (1:500), anti-Spp1 rabbit (ProteinTech, 
25715-1-AP) (1:500), and anti-Fn1 rabbit (EMD Millipore, ab2033) 
(1:300). Subsequently, Alexa Fluor 488–, Alexa Fluor 594–, Alexa 
Fluor 647–conjugated secondary antibodies (1:300, Jackson Immuno
Research) were added, and DAPI (1:1000; Invitrogen, D1306) was 
used for counterstaining. Slides were mounted using Fluoromount-G 
(Southern Biotech, 0100-01), and images were captured with Zeiss 
microscopes (Axio Imager.A2 with AxioCam MRm).

Differential gene and exon expression analysis
Quality of sequencing reads was assessed using fastQC (40). Reads were 
mapped against the mouse genome (GRCm38) and ribosomal RNA se-
quences using ContextMap version 2.7.9 (41), using the Burrows-Wheeler 
Aligner  (42) as short-read aligner and default parameters. Number 
of read fragments per gene was determined from the mapped RNA-seq 
reads using featureCounts (strand-specific for stranded libraries, and 
nonstrand-specific otherwise) (43). Gene expression was quantified in terms 
of fragments per kilobase of exons per million mapped reads (FPKM).

Differential gene expression analysis was performed using edgeR 
(44). For each pairwise differential gene expression analysis, only 
genes with at least an average of 10 reads per sample were evaluated. 
P values were adjusted for multiple testing using the method by 
Benjamini and Hochberg (45), and genes with an adjusted P < 0.01 
were considered significantly differentially expressed.
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Differentially expressed exons were determined with DEXSeq 
version 1.20.2 (46). Exons were considered differentially expressed 
if they had a P < 0.01 (adjusted for multiple testing using the 
method of Benjamini and Hochberg), an absolute log2 fold change 
≥ 1, and an exon base mean value ≥ 30 (= exon read count nor-
malized by sequencing depth and averaged across the compared 
samples).

WGCNA gene coexpression network analysis
A WGCNA (26, 47–51) was applied to the RNA-seq data (control + 
IAM at three injury stages) to identify gene modules with coordi-
nated expression patterns in microglia using R package WINA (26). 
With default settings, we identified 103 modules, each of which was 
assigned a distinct color code. For each module in the coexpression 
network, we searched the MSigDB gene annotation database for en-
riched functional pathways.

Hierarchical clustering of DEGs
Hierarchical clustering was performed on all differentially regulated 
genes identified between 3, 7, and 14 dpi/Ctrl using the R base func-
tion “hclust” with the default settings (complete linkage and Euclidean 
distance). The dendrogram was cut with a height cutoff value of 4, 
rendering four main clusters. We then consulted the MSigDB gene 
annotation database for enriched functional pathways for each clus-
ter. The P values for the functional enrichment test were corrected 
for multiple tests (Benjamini and Hochberg adjustment).

Enrichr GO analysis
For GO, Kyoto Encyclopedia of Genes and Genomes pathway, and 
Jensen Tissue database analyses, DEG lists were used as input into 
the web version of Enrichr software (http://amp.pharm.mssm.edu/
Enrichr/) (52). All scales from the Enrichr database are depicted as 
“combined score” (53), computed by taking log of the P value from 
the Fisher’s exact test and multiplying it with the z score of the de-
viation from the expected rank.

GSEA Hallmark analysis
GSEA was performed using the preranked option of the GSEA soft-
ware (http://software.broadinstitute.org/gsea/index.jsp). Ranking was 
performed on the basis of log2 fold changes from the differential 
gene expression analysis. GSEA was performed both for the hall-
mark gene set and the Coates macrophage datasets (33) available 
from the GSEA MSigDB database.

QIAGEN Ingenuity Pathway Analysis
Ingenuity software (QIAGEN Bioinformatics, www.ingenuity.com) 
was used, with P values and fold changes for the genes examined as 
input data. Comparative analysis for canonical pathways and up-
stream regulators was also performed. Data are visualized as activa-
tion z score.

Circos plot
Previously identified microglia transcriptomes from various mouse 
models were compared against combined DEGs in IAM relative to 
control microglia. These were signature gene sets for AD (5xFAD), 
brain irradiation, MFP2 lipid disorder, chronic pain, aging, neuro-
pathic pain, and ALS [superoxide dismutase 1 (SOD1)] (4). All data-
sets were cross-compared with the DEGs in IAM. A Circos graph 
was prepared using the Circos package version 0.69-6.

Spinal cord contusion injury model for scRNA-seq
SCI with 6- to 8-week-old C57BL/6 mice of mixed gender was per-
formed as previously described (32). Briefly, for T8 contusion inju-
ry, the lamina of the T8 spinal segment was exposed and removed 
and an infinite horizon impactor (Precision Systems and Instru-
mentation, IH-0400) was used to deliver an impact force of 45 kilodynes 
to the spinal cord. Bladder expression was performed twice a day 
for the duration of the experiments.

Tissue preparation for scRNA-seq
Animals were perfused, and 10-mm spinal cord tissue (from 5 mm 
rostral to 5 mm caudal from lesion core) was harvested on ice and 
rapidly dissociated using a modified papain digestion protocol to 
achieve single-cell suspension [Miltenyi Neural Tissue Dissociation 
Kit (P) 130-092-628]. Tissue was harvested in ice-cold Hanks’ bal-
anced salt solution (HBSS) (Thermo Fisher Scientific, 14175095) 
and chopped into small pieces using a sharp scalpel. Tissue was 
transferred into 15-ml Falcon tubes containing 1  ml of digestion 
solution, using a wide-tipped Pasteur pipette. Tubes were incubated 
for 15 to 20 min at 37°C in a tube rotator under slow continuous 
rotation. Tissues were slowly triturated using fire-polished glass 
Pasteur pipettes of decreasing tip diameters (three sizes) 15 times 
per diameter and incubated at 37°C in the tube rotator for 10 min 
between each mechanical dissociation step. The final cell suspen-
sion was passed through a 70-m cell strainer, and 10 ml of HBSS 
(with Ca and Mg; Thermo Fisher Scientific, 24020117) was applied 
to wash the strainer. The suspension was collected in a 50-ml Falcon 
tube and centrifuged at 450g at 4°C for 5 min. Supernatant contain-
ing dead cells and debris was discarded, and pellet was resuspended 
in 7 ml of HBSS (without Ca/Mg), mixed with 1.2 ml of fetal bovine 
serum (FBS) and 3.6 ml of 100% Percoll (GE Healthcare, 45-001-748) 
[9 parts Percoll + 1 part 10× HBSS (Sigma-Aldrich, H4385) to achieve 
final Percoll concentration at 30%]. The Percoll cell suspension was 
overlaid with 1 ml of 10% FBS (500 ml; Sigma-Aldrich, F4135) in 
RPMI (Thermo Fisher Scientific, 11875101). Tubes were spun at 
800g for 15 min at 4°C, and pellet was collected in a new 15-ml tube 
and resuspended in 0.5 ml of FACS buffer. Red blood cells (RBCs) 
were lysed by incubating cells with RBC lysis buffer (BioLegend, 
420301) for 15  min at room temperature; cells were washed and 
resuspended in FACS buffer. All steps were performed at 4°C.Cells 
were counted using an automated cell counter (Thermo Fisher 
Scientific Countess, AMQAX1000), live/dead measures were made 
using trypan blue (Gibco, 15250061), and samples with a viability of 
higher than 70% were used for downstream scRNA-seq analysis.

Single-cell RNA sequencing
scRNA-seq was performed using the Chromium platform (10X 
Genomics, Pleasanton, CA) with a 3′ gene expression V3 kit and an 
input of ~10,000 viable cells from a debris-free suspension. Briefly, 
gel bead-in-emulsions (GEMs) were generated on the sample chip 
in the Chromium controller. Barcoded cDNA was extracted from 
the GEMs by post-GEM RT cleanup and amplified for 12 cycles fol-
lowed by fragmentation of amplified cDNA, end repair, poly(A) 
tailing, adapter ligation, and 10X-specific sample indexing follow-
ing the manufacturer’s protocol. Libraries were quantified using 
QuBit (Thermo Fisher Scientific) and Bioanalyzer (Agilent). Libraries 
were sequenced in paired-end mode on a NovaSeq instrument 
(Illumina, San Diego, CA) targeting a depth of 10,000 unique reads 
per cell. The Cell Ranger Single Cell Software Suite (version 3.0, 10X 
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Genomics) was used to align and quantify sequencing data against 
the mm10 mouse reference genome. Downstream analyses, such as 
graph-based clustering and differential expression analysis/visualization, 
were performed using the Loupe Cell Browser (version 3.1, 10X Ge-
nomics) and the Seurat package. Notably, the current scRNA-seq 
experiments do not provide a read coverage for each cell that could 
match the coverage depth of bulk RNA-seq as in the INTACT 
RNA-seq, and the statistical power for low-expressed genes is re-
duced for scRNA-seq.

Quality control, normalization, and data integration
For quality control, features (genes) expressed in less than five cells 
and cells expressing less than 500 features were removed. In addi-
tion, cells with mitochondrial content >25% were also excluded 
from further analysis. Cells with high UMI and gene number per 
cell were filtered out to remove duplets or multiplets. A total of 2523 
cells in sample SCI (with vehicle treatment) and 3423 cells in sam-
ple SCI_HDAC3i (with acute RGFP966 treatment) were sequenced. 
We also integrated as a control reference the scRNA-seq data of 
7466 cells from uninjured control (CTRL) spinal cord (35). After 
removal of low-quality cells, outliers, and doublets, we performed 
our analysis on 4576 cells for CTRL, 2276 cells for SCI, and 3085 cells 
for SCI_HDAC3i. Next, feature counts were normalized using 
a LogNormalize method. First, the counts of each cell were divided 
by the total counts for that cell and multiplied by a scale factor of 
10,000. The data were then natural log-transformed. Next, the top 
3000 common features across the SCI, CTRL, and SCI-HDAC3i 
samples were identified as anchors to integrate the three samples. The 
above analyses were completed using the R package Seurat (54, 55).

Dimensionality reduction, cell clustering, cell marker, 
and cell type identification
The linear dimensionality reduction of the integrated data was per-
formed using the principal components analysis (PCA), and then, 
nonlinear dimensionality reduction was performed by the UMAP 
(36) algorithm using the PCA dimensional reduction as input. 
Next, cell clusters were identified by a shared nearest neighbor 
(SNN) modularity optimization-based clustering algorithm using 
the top 20 principal components. First, k-nearest neighbors (KNNs) 
of each cell were calculated. The KNN graph was then used to con-
struct the SNN graph by calculating the Jaccard index of the neigh-
borhood overlap between every cell and its 20 nearest neighbors. 
Last, the modularity function was optimized to determine cell clusters 
at a resolution of 0.05.

The markers conserved across the three conditions of each cell 
cluster were identified by comparing the expression levels of that 
cell cluster and all other clusters. Cell types were then identified by 
mapping the conserved cell markers with the previous mouse and 
human cell markers in the PanglaoDB database (56). Cells from 
major cell types (astrocytes, microglia, oligodendrocytes, and neuron) 
were reclustered using a higher resolution (0.5) to further analyze 
the subclusters of each cell type.

The trajectory analysis based on gene expression changes among 
the cell clusters was performed using the unsupervised Slingshot 
algorithm (57). Slingshot has two stages. In the first stage, Slingshot 
infers the key elements of the global lineage structure using a mini-
mum spanning tree method based on clustered cells. In the second 
stage, Slingshot infers pseudotime variables for cell clusters along 
each lineage by fitting smooth branching curves to these lineages 

using simultaneous principal curves. The Slingshot analysis provided 
80% confidence on the trajectory results.

Differential expression analysis for scRNA-seq
Differential expression analysis between conditions was performed 
using the Wilcoxon rank sum test on the genes detected in a mini-
mum fraction of 10% cells in either of the two populations. P value 
adjustment was performed using the Bonferroni post hoc correc-
tion based on the total number of genes tested. DEG lists were gen-
erated by filtering all genes by a combined cutoff of fold change > 
1.18 and adjusted P < 0.05. GO enrichment analysis was performed 
on DEGs using the R package GO function (58).

Signature scores
To obtain single-cell gene signature scores for scRNA-seq data, we 
used lists of selected genes and calculated for each cell in a dataset a 
signature score with the algorithm developed by Laffy and colleagues 
(59). The corresponding R package scrabble was obtained from 
github (“jlaffy/scrabble”).

Quantification and statistical analysis
For each experiment, the numbers of mice used in each cohort and 
the number of images analyzed from each animal are listed in figure 
legends. Statistical analyses were performed as indicated or using 
GraphPad Prism 7 software. Data are presented as means ± SEM. All 
RNA-seq bar graphs were plotted using mean FPKM values. Sample 
numbers and adjusted P values and statistical tests used are indicated 
in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/9/eabd8811/DC1

View/request a protocol for this paper from Bio-protocol.
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