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Abstract

Background Rehabilitative training is an effective method to promote recovery following spinal cord injury (SCI),
with lower training efficacy observed in the chronic stage. The increased training efficacy during the subacute
period is associated with a shift towards a more adaptive or proreparative state induced by the SCI. A potential

link is SCl-induced inflammation, which is elevated in the subacute period, and, as injection of lipopolysaccharide
(LPS) alongside training improves recovery in chronic SCI, suggesting LPS could reopen a window of plasticity late
after injury. Microglia may play a role in LPS-mediated plasticity as they react to LPS and are implicated in facilitating
recovery following SCI. However, it is unknown how microglia change in response to LPS following SCl to promote
neuroplasticity.

Main body Here we used single-cell RNA sequencing to examine microglial responses in subacute and chronic SCI
with and without an LPS injection. We show that subacute SCl is characterized by a disease-associated microglial
(DAM) signature, while chronic SCl is highly heterogeneous, with both injury-induced and homeostatic states. DAM
states exhibit predicted metabolic pathway activity and neuronal interactions that are associated with potential medi-
ators of plasticity. With LPS injection, microglia shifted away from the homeostatic signature to a primed, translation-
associated state and increased DAM in degenerated tracts caudal to the injury.

Conclusion Microglial states following an inflammatory stimulus in chronic injury incompletely recapitulate the sub-
acute injury environment, showing both overlapping and distinct microglial signatures across time and with LPS
injection. Our results contribute to an understanding of how microglia and LPS-induced neuroinflammation contrib-
ute to plasticity following SCI.
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Background

Traumatic spinal cord injury (SCI) is a devastating
event that results in motor, autonomic and sensory defi-
cits below the level of injury. One of the most effective
methods of eliciting motor recovery after SCI is through
rehabilitative training [1, 2]. Rehabilitative motor train-
ing boosts neural plasticity, enabling spared spinal cord
circuitry to reconnect and restore lost functions [3].
Training has been shown to be more effective in the early
stages after SCI, with lower training efficacy in chronic
stages after injury [4—6], which is problematic after trau-
matic SCI because other concomitant trauma and focus
on establishing essential skills may prevent people from
early motor training. Differences in training efficacy are
associated with changes in plasticity-promoting factors
following SCI; for example, Chen and colleagues found
neurotrophin-3 overexpression was associated with
axonal sprouting in the subacute, but not chronic SCI
environment [7]. However, the efficacy of rehabilitative
training after SCI can be modified in task-specific [8, 9]
and intensity-specific manner [10, 11]; all of which inter-
act in a dynamic injury microenvironment [12].

Following SCI, the lesion environment changes with
time, with ongoing secondary damage in the acute phase
[13, 14], a subacute period characterized by a com-
plex interaction of immune and glial cells that surround
peripheral immune cells and form a glial and fibrotic scar
[15]. This is followed by a chronic phase defined by stabi-
lization of inflammatory processes [16] and a plateau in
recovery [17]. These phases after injury also correspond
to changes in training efficacy, with training efficacy
highest in the subacute period and declining into the
chronic period [4], suggesting that training efficacy and
inflammatory responses may be linked.

An inflammatory stimulus re-establishes axonal
sprouting in the chronic injury environment [18], fur-
ther supporting the neuroimmune axis participating in
training efficacy. Both Torres-Espin and colleagues and
Zhong and colleagues found that an injection of lipopoly-
saccharide (LPS) with a chronic SCI enabled increased
sprouting, alongside improvements in training efficacy in
the chronic stage, suggesting that inducing an inflamma-
tory stimulus could re-open the ‘window of opportunity’
for efficient training and allow for improved functional
recovery [11, 19]. Therefore, changes in inflammation
that occur across the time course of SCI likely play a role
in regulating plasticity and functional recovery. Con-
sistent with a role in promoting plasticity, augmenting
inflammation promotes axonal growth following optic
nerve injury. Eliciting an immune cell response via either
a lens injury or the injection of zymosan increases retinal
ganglion cell regeneration after optic nerve axotomy [20—
22]. Retinal ganglion cell regeneration is stimulated by
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macrophage- and neutrophil-derived growth factors [23],
including oncomodulin [24—-26], ciliary neurotrophic fac-
tor, interleukin-6, or leukemia inhibitory factor [27-29],
suggesting that immune cells can act directly on neurons
to promote plasticity or regeneration.

The immune system plays a dynamic and complex role
following SCI, with dichotomous roles in exacerbating
tissue damage and lesion pathology [30-32]; alongside
enabling regeneration [33, 34]. Among the first cells to
respond to injury, microglia (the innate immune cell of
the central nervous system) play vital roles in orches-
trating cellular inflammatory responses [35], as well as
in forming the fibrotic glial scar [36] and clearing cellu-
lar debris [38]. Microglial depletion has been linked to
poorer functional recovery after SCI [35, 36, 39, 40]. In
addition to roles in facilitating recovery, microglia also
react to LPS injection in SCI [11], which makes them
a promising candidate to contribute to LPS-mediated
plasticity.

In recent years, it is becoming increasingly understood
that microglia take on several distinct states that change
throughout disease processes [41]. Using single-cell RNA
sequencing (scRNAseq) it is possible to examine this
complex microglial response in a variety of disease and
injury conditions, revealing a highly diverse set of micro-
glial signatures [42—49], including in SCI [35, 40, 50-53].

Here we use scRNAseq to understand the microglial
states during periods of high training efficacy (subacute
SCI) and low training efficacy (chronic SCI), as well as
how the microglial response changes with training effi-
cacy and plasticity-promoting LPS treatment. Overall, we
find microglial responses undergo transcriptional shifts
from the subacute to the chronic time periods after SCI.
The subacute period was hallmarked by a shift away from
homeostatic signatures towards injury-induced states,
including proliferative and disease-associated micro-
glia. Several injury-induced states were retained into
the chronic period after injury, although at lower levels
than subacute injury, and this was accompanied by a shift
back towards homeostatic microglial states. Inducing
an inflammatory stimulus can enable improved training
efficacy in the chronic period and was associated with a
shift away from homeostatic microglial states towards a
primed, translation-associated phenotype.

Main text

Materials and methods

Animals

Adult female Lewis rats (Charles River) were group
housed and fed food and water ad libitum. 20 animals
were utilized for single-cell RNA sequencing experiments
(n=>5/group). An additional 24 animals were utilized for
immunofluorescence staining of the spinal cord (n=6/
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group). All animal studies were conducted in accordance
with the Canadian Council on Animal Care Guidelines
and Policies with approval from the Animal Care and Use
Committee: Health Sciences for the University of Alberta
under AUP #254.

Spinal cord injury

Animals received a dorsolateral quadrant injury at the
cervical spinal cord (C4). Rats were anesthetized using
isoflurane (5% isoflurane in 50:50 air:oxygen mixture for
induction and 2.5% for maintenance). The dorsal neck
was shaved, and the skin and muscle incised. A lami-
nectomy at C4 was performed and a cervical dorsolat-
eral transection injury was performed with a custom
blade. Muscle and skin were closed using sutures and
staples, respectively. Following surgery, 3 mL of saline
was injected subcutaneously to rehydrate the animal
and buprenorphine (0.03 mg/kg) was injected to manage
post-operative pain for 1-2 days.

LPS injection

LPS was derived from Escherichia coli endotoxin (sero-
type 055:B5, Sigma-Aldrich, L2880-10 MG) and dissolved
in sterile saline (pyrogen-free 0.9% saline, Hospira). Rats
were injected intraperitoneally with 0.5 mg/kg LPS or an
injection of sterile saline 3 days prior to perfusions. Fol-
lowing injection, animals were monitored for sickness
behaviour for 3 days.

Perfusions

For immunofluorescence staining of the spinal cords, rats
(n=24) were euthanized with pentobarbital (Euthanyl,
Bimeda-MTC, Animal-Health Inc.), and transcardially
perfused with saline containing 0.02 g heparin/L (Mil-
lipore-Sigma, H4784), followed by fixation with 4% for-
malin (Sigma, 441,244-1 kg) in 0.1 M phosphate buffer.
Spinal cords were dissected, and post-fixed overnight in
a 4% formalin solution with 5% sucrose (Fischer Scien-
tific, S5-3) and then placed in a 30% sucrose solution for
3 days. Tissue was then cut into a 2 cm section surround-
ing the injury site and frozen in 2-methylbutane (Fischer
Scientific, 03551-4) at —60 C.

Immunofluorescence

Tissue was sectioned sagittally in 2 ¢cm sections around
the lesion site at 25 um on a cryostat (Leica CM30505)
onto ColorFrostPlus (Fisherbrand, Fisher Scientific)
slides and stored at —20 ‘C. Tissue was warmed for
30 min on a slide warmer at 37 “C. Subsequently, tissue
was washed for 10 min in 0.01 M phosphate buffer saline
(PBS; Sigma, P0017-100TAB), and then twice for 10 min
with PBS with 0.03% Triton X-100 (PBST; Fisher Scien-
tific, BP151-100). Slides were blocked with 10% Normal
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Donkey Serum (Sigma-Aldrich, D9663) and PBST for
60 min at room temperature. Following this, slides were
incubated with the primary antibodies (Goat anti-Ibal
[1:300, Novus Biologicals, NB100-1028], Mouse anti-
Galectin3 [Gal3; 1:200; Invitrogen, MA1-940], Mouse
anti-Cd74 [1:50, Santa Cruz Biotechnology, sc-53062] or
Rabbit anti-Ibal [1:1000, Wako, 019-19741]) overnight
at room temperature. Ibal was used to mark microglia/
macrophages, while Gal3 and Cd74 were both identi-
fied in our scRNAseq results to demarcate populations
of microglia. After the incubation with the primary anti-
body, tissue was again washed three times for 10 min with
PBST. Slides were incubated with the secondary antibody
(donkey anti-goat 488 [1:500; Jackson ImmunoResearch,
705-546-147], donkey anti-mouse 647 [1:500; Jackson
ImmunoResearch, 715-606-151), donkey anti-rabbit 488
(1:500, Jackson ImmunoResearch, 711-546-152) for 2 h
at room temperature. Slides were then washed twice with
PBST and twice with PBS, each for 10 min; subsequently,
slides were coverslipped (Fisherbrand, 1,255,020) and
mounted with fluoromount containing DAPI (Invitrogen,
00-4959-52). Slides were imaged on a Leica TCS SP8
confocal microscope. Images were acquired at the lesion
site, as well as rostral and caudal to the lesion site using
the 20X objective with water immersion at 1024x 1024
resolution.

Cell counts

Images were relabelled to remove any group identifiers
prior to analysis to ensure analyses were completed by
a blinded observer. In Fiji is Just Image] (FIJI; v2.14.0), a
maximum intensity projection of z-stacks were taken and
then filtered using Gaussion blur (0.5) and then back-
ground subtracted (50 pixels). Microglia/macrophages
were manually counted using FIJI. Cell nuclei were iden-
tified using DAPI, and colocalized to ensure a positive
cell body. Each animal was counted as an independent n.
Region of interests were identified in the lesion epicen-
tre, and rostral and caudal to the lesion site, in the dorsal
white matter, grey matter and ventral white matter. Cells
were counted over the area of analysis to generate a cell
density measurement.

Statistics

For cell density measurements we used a two-way
ANOVA, with a post hoc Tukey test identifying differ-
ences between the groups. All statistical analyses were
performed using GraphPad Prism (v10).

Single-cell RNA sequencing and fluorescence-activated cell
sorting

Rats were euthanized with 1 mL of Euthanyl injected
intraperitoneally, and then transcardially perfused with



John et al. Journal of Neuroinflammation (2025) 22:56

Hanks’ Balanced Salt Solution (HBSS, ThermoFisher,
14,175-103). All spinal cords were dissected and a 2 cm
section surrounding the lesion site was isolated within
90 min after perfusion and maintained on ice for the
duration of the cell sorting experiment. Spinal cords
were diced in HBSS and then collected and placed into
Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
11,960,069) and deoxyribonuclease (5 pg/mL, Worthing-
ton, L3002007). Collected tissue was mechanically dis-
sociated and dounced 5 times with a loose-fitted dounce
homogenizer; following which the suspension was passed
through 70 pm and 40 pm filters (Cedarlane, 15-1070-
1, 15-1040-1). Cells were then pelleted, resuspended in
5.4 mL of HBSS and myelin debris was removed using
1800 pl of Debris Removal Solution (Miltenyl Biotec,
130-109-398) and centrifugation at 3000 G for 10 min.
The myelin debris was removed and cells were topped
up to 15 mL with HBSS and centrifuged at 1000 G for
10 min. Cells were passed through a 20 um filter (pluriS-
trainger, 43-50,020-03), following which cells were
resuspended in Fc block Anti-Mo CD16/CD32 (1:200,
Invitrogen, 14-0161-85) blocking solution for 5 min, and
subsequently stained with ZombieAqua (1:50, Biolegend,
423,101), DRAQ5 (1:1000, ThermoFisher, 62,240) and
Cd11b (1:50, BD BioSciences, 561,684) for 20 min. Cells
were resuspended in a solution of 1% bovine serum albu-
min (BSA; Sigma-Aldrich, A8806) dissolved in HBSS and
then were isolated using fluorescence-activated cell sort-
ing (FACS) on a Sony MA700 and gated for live, nucle-
ated and Cdllb+cells. Following sorting, cells were
manually counted using a hemocytometer, pelleted and
resuspended in HBSS.

Library preparation

The FACS-isolated cells were processed using the
10x Genomics Chromium Next GEM Single Cell 3’
GEM, Library and Gel Bead Kit v3.1 (10X Genomics;
1,000,121) and sequenced on the Illumina HiSeq P150
Sequencer (Novogene). The samples were paired-end,
single index sequenced to an average of 40,000 reads
per cell. The BCL file was demultiplexed to a FASTQ
file and aligned to a custom Rattus norvegicus (6.0) ref-
erence genome manually annotated to include Clec7a, a
polymorphic pseudogene. The samples were aligned to
the genome with the count function from the 10X cell
ranger pipeline (v3.0.0) to generate barcoded and sparse
matrices.

Quality control and clustering

First, ambient RNA was removed using CellBender [54].
Quality control was completed using the Seurat pack-
age (v4.3.0; [55]) in the R statistical environment (v4.2.2).
Data were loaded into the R environment as a Seurat
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object using the CreateSeuratObject with a minimum
number of 3 cells and 200 features. Quality control was
completed using the subset() function to remove dou-
blets (greater than 4500 feature counts per cell) and
dead or dying cells (mitochondrial gene percentage
greater than 10%). The libraries were combined using the
merge() function. The object was then normalized using
the SCTransform() function with the vars.to.regress()
function set to the mitochondrial percentage and the
total number of molecules per cell. Subsequently, princi-
pal component analysis was performed (runPCA()). The
number of PC was chosen based on the Elbow Plot, and
FindNeighbours(dims=18) was run. The FindClusters()
function was run and the object was exported as a h5ad
object using SaveH5Seurat() and Convert(dest="h5ad”)
using the SeuratDisk (v0.0.0.9020) package. To complete
unsupervised clustering analysis, we used the Single-Cell
Clustering Assessment Framework (SCCAF; v0.0.10;
[56]) in the Python environment (v3.9.13) opened in
Jupyterlab (v3.4.4). SCCAF utilizes iterative machine
learning to identify cell states until a self-projection accu-
racy of at least 90% was reached. An over-clustered reso-
lution was set, and then SCCAF_optimize_all() was used
to identify clusters. The final clustering was projected
onto a UMAP using the sc.pl.umap() function using the
scanpy module (v1.4.6).

GO terms

Functional Gene Ontology (GO) Terms was used to
examine the putative functional correlations of cell states.
The top differentially expressed genes (DEGs) were iden-
tified for each cluster using the FindAllMarker() func-
tion in Seurat (min.pct=0.25, logfc.threshold=0.25).
Mitochondrial and ribosomal genes were removed and
the top DEGs for each cluster were utilized in the gPro-
filer web server (https://biit.cs.ut.ee/gprofiler/; [57]). The
functional GO terms were then examined for each clus-
ter, specifically from the GO (molecular function, bio-
logical process, cell component) and biological pathways
(KEGG and Reactome) data sources. Terms of interest
were retained and placed onto an alluvial plot using the
ggplot(geom_alluvial) function in the ggplot2 (v3.5.0)
and ggalluvial (v0.12.5).

Metabolic landscape

The Metabolic Landscape [58] pipeline was used to
examine the metabolic pathways associated with the
microglial responses after injury. Data were normal-
ized using scran deconvolution using quickCluster()
and calculateSumFactors() functions (v1.26.2; [59]), and
then missing data were imputed using MAGIC imputa-
tion using the magic() function (v2.0.3; [60]). The genes
associated with the metabolic pathways were taken from


https://biit.cs.ut.ee/gprofiler/

John et al. Journal of Neuroinflammation (2025) 22:56

KEGG metabolism database. The normalized deconvo-
luted data was inputted and the ratio of gene expression
across all genes in a metabolic pathway was recorded and
compared between clusters.

Compass

The Compass algorithm (v0.9.10.2; [61]) was used to
explore the potential activity of microglial metabolic
reactions. Compass uses constraint-based optimization
to model metabolic flux, considering the maximal meta-
bolic flux possible, and then using the mRNA present
catalyzing the reaction across multiple reactions and cells
to infer the potential metabolic activity. The expression
matrix, genes and sample names were inputted as tsv files
and the program was run with the command compass()
in the command line.

CellChat

The R program CellChat [62] was used to predict cell—cell
interactions. A custom CellChatDB was created featuring
conversions of mouse genes to rat homologs. A merged
file with normalized microglial cells and neuronal popu-
lations were merged and used to create an object within
CellChat (createCellChat). The neuronal population was
taken from ([63] GSE168156), using results obtained
from single-nucleus RNA sequencing of the ventral
tegmental area in naive female Sprague—Dawley rats
between 90 and 120 days old. The overexpressed genes
and receptor-ligands were examined using the identifyO-
verExpressedGenes() and identifyOverExpressedInterac-
tions() functions. We used the computeCommunProb()
function to examine the communication probability and
infer the cellular communication network. Any cell—cell
communication less than 10 cells was filtered using filter-
Communication() function. The computeCommunProb-
Pathway() function was used to examine the cell—cell
communications at the pathway level. The netVisual_
chord_gene() function was used to visualize the contri-
butions of microglial inputs onto neuronal populations.

(See figure on next page.)
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RNA velocity

The programs scVelo (v0.2.2) and CellRank (v2.0.0) were
both used to compute RNA velocity [64, 65]. Within
scVelo, the data was normalized using scv.pp.filter_and_
normalize(). The spliced and unspliced RNA dynamics
were called with the scv.tl.recover_dynamics() function
and the RNA velocity computed with the scv.tl.velocity()
function, using the stochastic mode. The resulting veloc-
ity vectors were projected onto the existing UMAP with
the scv.pl.velocity embedding_stream() function. In Cell-
Rank, the CytoTRACE kernel was imported and used to
compute a transition matrix. This transition matrix was
used with a GPCCA estimator, using compute_shur() and
plot_spectrum() functions to compute macrostates (com-
pute_macrostates()) and predict initial (predict_initial_
states()) and (predict_terminal_states()) terminal states.

Results

Microglial transcriptomic profiles shift from subacute

to chronic SCI

The link between inflammation and training efficacy is
supported by the work of Torres-Espin and colleagues,
who demonstrate that inducing an inflammatory stimu-
lus promotes higher training efficacy in the chronic stage
after SCI, extending or reopening the window of oppor-
tunity for effective motor training. To characterize the
subacute and chronic immune response correspond-
ing to differences in training efficacy, we examined how
microglial states changed with time and how an inflam-
matory stimulus that boosts training efficacy in female
rats [11] altered the microglial responses in the chronic
stage. We used scRNAseq on the spinal cords of female
rats at a subacute stage (8 days post-injury [dpi]), as well
as at a chronic stage (60 dpi) with either a sham saline
injection (ChSaline) or an injection of LPS (ChLPS) to
induce an inflammatory stimulus, as by Torres-Espin and
colleagues ([11]; Fig. 1A). As described in the Methods,
our experimental pipeline is illustrated in Fig. 1A and our
quality control in Supp Fig. 1. We identified microglia

Fig. 1 Microglia exhibit transcriptomic differences in subacute and chronic SCI, and with an LPS injection. A Schematic describing the experimental
workflow and timeline. Female rats underwent a cervical SCl and animals were perfused, their spinal cords extracted, cold dissociated into a single
cell suspension, sorted using Cd11b and then sequenced. B Microglia from the different libraries projected onto a UMAP, including 3,415 microglia
from naive animals, 14,767 from rats with subacute SCl, 1,188 from rats with chronic SCl and a saline injection (ChSaline), and 8,970 from rats

with chronic SCland an LPS injection (ChLPS). C Microglia (28,340) were clustered using Seurat and SCCAF, projected onto a UMAP and manually
annotated. D Top DEGs for the different clusters. Homeostatic microglia are defined by the upregulation of canonical microglial genes (P2ry12,
Cx3cr), primed microglia by the expression of ribosomal genes (Rps29 and Rpl17), myelin transcript-enriched microglia (MTEM) by the presence

of transcripts from other cell types (PlpT and Gfap), DAM by the expression of Lgals3, Apoe and distinguished based on the presence of Spp1
(Spp1-DAM) and complement genes (Complement-DAM), Ccl3/4-microglia express Ccl3 and Ccl4, IRM express /fit2 and /fit3, and proliferative
microglia express Mki67 and Birc5. Clusters of TM express a mixed phenotype between two microglial states. E The raw cell counts that make

up each of the microglial clusters across the libraries. F Cells were downsampled to 1,188 cells and expressed as a percentage making up each

cluster
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Fig. 1 (See legend on previous page.)

using P2ry12, Hexb and Tmem119, as well as populations
of border-associated macrophages (BAMs), monocytes,
neutrophils, oligodendrocytes, and oligodendrocyte
progenitor cells (OPCs; Supp Fig. 2). We reclustered
and examined different subsets of BAMs (Supp Fig. 3),
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monocytes (Supp Fig. 4), and neutrophils (Supp Fig. 5),
as well as microglia. We obtained 28,340 microglia across
our dataset, with 3,415 microglia from naive animals,
14,767 from animals with a subacute injury, 1,188 from
ChSaline animals and 8,970 from ChLPS animals.
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To examine microglial states, we isolated micro-
glia based on this initial clustering and reclustered the
cells. Microglia from each library were projected onto a
UMATP (Fig. 1B), demonstrating dramatic difference in
the microglial states at different stages after SCI. Over-
all, we identified 14 clusters and used the differentially
expressed genes (DEGs) to manually annotate these clus-
ters (Fig. 1C). We identified three homeostatic clusters,
based on the expression of canonical homeostatic micro-
glial genes, including P2ry12 and Cx3crl ([66]; Fig. 1D).
We also identified three primed states, which were
enriched in ribosomal genes, including Rps29 and Rpl17
suggestive of heighted translation, resembling a micro-
glial state observed in aged white matter [67] that con-
tains a genetic signature globally increased in microglia
in the aged brain ([68]; Fig. 1D). We further observed a
range of injury-induced states, including two clusters that
bore transcriptomic signatures similar to that observed in
the disease-associated microglia (DAM) state [40, 45, 69],
which was enriched in Lgals3, Apoe and Igfl. We further
distinguished these DAM clusters based on enrichment
in Sppl (SppI-DAM) or complement genes (including
Clgc; Complement-DAM). Other injury-induced clusters
included one enriched in major histocompatibility com-
plex II related genes (MHC-II), including RT1-Da and
Cd74, while another cluster was enriched in chemokines
Ccl3 and Ccl4 (Ccl3/4). We also identified a prolifera-
tive microglia cluster expressing Mki67 and Birc5 and an
interferon-responsive microglial (IRM) state enriched in
genes responding to interferons (including Ifit2 and Ifit3).
Those microglia identified with a mixed phenotype were
termed Transitioning Microglia (TM/Mixed Microglia).
Finally, we observed one small cluster of microglia that
contain transcripts specific to other glial cells, including
Plp1 and Gfap, we refer to as Myelin Transcript-Enriched
Microglia (MTEM). Despite quality control to remove
multiplet cells and ambient RNA, we identified oligoden-
drocyte and astrocyte-specific transcripts within MTEM,
which is similar to a state previously identified in an ani-
mal model of Alzheimer’s Disease [70]. Overall, we iden-
tified several microglial states that occur after SCIL.

Given the various states of microglia after SCI, we then
sought to understand how these states changed with
time after injury, as well as with an inflammatory stimu-
lus at the chronic stage. Here, we evaluated each micro-
glial states across each experimental condition, or library
(Fig. 1E, F). We hypothesized that microglia would reca-
pitulate the stats observed after subacute injury after
LPS injection in chronic SCI, which could point towards
a microglial state associated with promoting neuroplas-
ticity. We determined both the total number of cells
(Fig. 1E) and the percentage of cells after normalization
for each library (Fig. 1F) across each microglial cluster.
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The majority of microglia from uninjured (naive) rats,
or 76% of microglia, were within homeostatic clusters
(Fig. 1C). By contrast, microglia from subacute injured
rats shifted away from homeostatic states (13.5% of
microglia in homeostatic clusters) into injury-induced
states. Microglia from subacute injured rats made up
61.6% of the SppI-DAMs, 62.9% of the Complement-
DAMs, 37.7% of IRMs, 37.5% of MHC-II-expressing
microglia, 33.9% of Ccl3/4-expressing microglia, and
58.7% of proliferative microglia (Fig. 1C, E).

Chronic SCI is thought to be characterized by a stabi-
lization of inflammatory processes [16]. To our surprise,
ChSaline microglia were present in the same clusters
as subacute SCI microglia, but at times at reduced lev-
els, making up 15.2% of DAM clusters, 29.2% of Ccl3/4-
microglia, 32.0% of IRM, 24.8% of MHC-II-microglia and
18.2% of proliferative microglia. At the same time, more
ChSaline microglia shifted back towards a homeostatic
state (32.1% of microglia from the ChSaline group com-
pared to 13.5% in the subacute group). Overall, chronic
SCI was characterized by a diverse microglial response,
with a smaller proportion expressing signatures reminis-
cent of injury-induced microglial states compared to dur-
ing the subacute phase.

Considering the microglial responses in chronic SCI,
we were then interested in understanding how an inflam-
matory stimulus changes the microglial profile in the
chronic phase of injury. Originally, we predicted that LPS
injection would promote a more subacute SCI microglial
response. However, in the ChLPS rats, microglia shifted
away from the homeostatic states (13.6% of microglia
from the ChLPS group compared to 32.1% from the
ChSaline group) towards primed microglial states (40.2%
of microglia from primed clusters in the ChLPS group
compared to 19.1% from the ChSaline group). Addition-
ally, microglia from the ChLPS group were more abun-
dant in DAM clusters as compared to microglia from the
ChSaline group, 20.3% compared to 15.2%, respectively
(Fig. 1D-F). Systemic LPS injection, therefore, changed
the microglial transcriptomic profiles, but LPS did not
fully recapitulate the microglial responses observed dur-
ing subacute injury. Taken together, our results suggest
that subacute SCI was characterized by microglia shifting
from a homeostatic signature to several diverse injury-
induced states. Chronic SCI microglia were similarly
diverse, with a reduction in these injury-induced states.
Systemic LPS shifted microglia toward a primed state,
although there was overlap in some states between suba-
cute and chronic SCI with an LPS injection.

Microglial trajectory after SCI
As microglia are highly adaptable to their environment
and show plasticity in their cell states, we then explored
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how microglia transition within our dataset. To do so,
we utilized scVelo, which uses splicing dynamics across
genes to infer the states with more active transcription
(i.e., transitory) as compared to the states with less active
transcription (i.e., terminal; [64, 65]). Splicing dynamics
includes the presence of introns in nascent, or transitory,
RNA and their absence in mature RNA. ScVelo identi-
fied several terminal states, including a range of injury-
induced states, including DAM, IRM, MHC-II-microglia
and proliferative microglia (Fig. 2A, B). Some microglia
transitioned towards a homeostatic state. Relevant to
microglia from LPS-treated rats, the primed microglial
state was a key intermediary state, with trajectories both
towards injury-induced and homeostatic clusters. Micro-
glia after SCI, therefore, likely followed a complex series
of transitions towards distinct injury induced states, with
the potential to resolve toward a homeostatic microglial
state. Injection of LPS promoted a primed microglial
state, which was likely a key intermediate state.

Microglial metabolic activity shifts in subacute SCl were
incompletely resolved in chronic SCI

Alongside the transcriptomic plasticity that microglia
exhibit, changes in the environmental milieu also change
the metabolic properties of microglia [71]. Given the
complex environmental changes that underlie the tran-
sition from subacute to chronic SCI, we examined the
metabolic pathway activity of microglia in our scRNAseq
dataset. We utilized two different pipelines to explore
the metabolic activity and heterogeneity across our data-
sets: Compass (Fig. 2C-E; [61]) and Metabolic Land-
scape (Fig. 2F, G, E; [58]). Compass models metabolic
flux through constraint-based optimization and assigns a
reaction score based on the presence of mRNA encoding
enzymes catalyzing the reaction (61). In microglia from
the subacute phase, Compass analyses found increased
energy metabolism, including glycolysis, the citric acid
cycle, oxidative phosphorylation, and fatty acid oxida-
tion compared to baseline (Fig. 2C), ChSaline (Fig. 2D)
or ChLPS (Fig. 2E). The metabolic landscape pipeline
uses the relative expression of genes expressed across
85 KEGG pathways to examine a pathway activity score
that can be compared across the different libraries [58].
Metabolic Landscape analyses supported high levels of
energy metabolism in subacute injury (Fig. 2F), and sug-
gested the increased metabolic pathways were largely due
to high levels within DAM and proliferative microglia
(Fig. 2G). In the ChSaline animals, these same metabolic
pathways remained elevated above the level observed
in uninjured animals (Fig. 2D). However, unexpectedly,
microglia from ChLPS animals exhibited decreases in
energetic metabolic pathways to levels below uninjured
animals (Fig. 2E). However, the metabolic landscape
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analysis differed, instead showing a slight upregulation
of energy metabolism after LPS administration com-
pared to naive animals, although at much lower levels
than subacute injury (Fig. 2F). The metabolic activity
following LPS administration in chronic SCI was likely
due to more primed microglia, which were less metaboli-
cally active compared to DAM and proliferative states
(Fig. 2G). Together, these analyses suggested that micro-
glial metabolic activity was increased in subacute SCI,
and decreased in chronic SCI, while systemic inflamma-
tion did not recapitulate the metabolic activity observed
in the subacute phase.

Chondroitin sulfate proteoglycans (CSPGs) consist of
two main components: the core protein and an inhibi-
tory glycosaminoglycan chain. Digesting chondroitin
sulfate glycosaminoglycan (GAG) chains with chondroi-
tinase ABC facilitates plasticity and functional recovery
following SCI [72-74]. Microglia can also digest both the
CSPG-GAG chains in the CNS [75-77] and the core pro-
teins [76] which may be one strategy for microglia to pro-
mote plasticity. We, therefore, examined the microglial
metabolic pathways of GAG degradation. Microglia from
subacute injury upregulated genes related to GAG deg-
radation (Fig. 2F). The degradation of CSPGs remained
elevated above baseline levels within ChSaline microglia
(Fig. 2D). Microglia from ChLPS animals downregulated
GAG biosynthesis pathways, although expressed GAG
degradation genes at levels similar to baseline (Fig. 2E, F).
Thus, GAG degradation may be a mechanism underly-
ing the enhanced plasticity in the subacute period, which
declines into the chronic period and was not restored
by an LPS injection. Together, this data suggested that
microglia globally shift their metabolic pathways suba-
cutely after SCI, which remained elevated above base-
line chronically. Broadly, systemic chronic LPS injection
dampens microglial metabolic activity.

Microglial-neuronal signalling shifts from subacute

to chronic SCI

Microglia exhibit complex interactions with other cell
types in SCI, including astrocytes, B cells, endothelial
cells and neurons [30, 35, 78, 79], which could change
over time after SCI. Given the capability of microglia
to respond to neuronal signalling [80] and modulate
neuronal circuits and synaptic plasticity [81-83], we
explored cell-cell interactions between microglia and
the neurons from an external dataset. We utilized a
dataset that included cortical neurons from the ven-
tral tegmental area in young, female, uninjured rats
[63]. With microglia from this study, we compared the
microglial ligands that potentially regulate these corti-
cal neurons with CellChat. CellChat uses a manually
curated database of receptor-ligand interactions and
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Fig. 2 Microglia shift from primed to injury-induced and homeostatic states. A Microglial trajectories identified by scVelo based on the presence
of unspliced and spliced RNA. B A plot showing terminal states identified by CellRank kernel. The terminal states are observed on the outside
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uses an algorithm that takes into account the overex-
pression of genes to predict interactions between cell
types [62]. After SCI, there was an increase in micro-
glial expressed Granulin (Grn) ligands, which bind
to the Sortilin (Sortl) receptor expressed by neurons
(Fig. 3A). Intriguingly, Grn encodes for Progranulin, a
neurotrophic growth factor implicated in cell survival,
lysosomal activity [84] and neurite outgrowth [85] and
is upregulated following SCI [86, 87]. The Grn-Sortl
interaction was prominent across all timepoints and
present with all microglial states (Fig. 3B). We also
identified microglial expressed Insulin-like growth fac-
tor 1 (IgfI) to neuronal expressed Insulin-like growth
factor 1 receptor (Igflr) interaction as an injury-spe-
cific receptor ligand pair (Fig. 3A). The probability

Page 10 of 17

of interactions between Igfl and Igflr increased with
subacute and chronic injury, predominantly driven by
DAM and proliferative microglia (Fig. 3B). Although
Igf1-Igflr signaling was also present in chronic SCI, it
was reduced compared to subacute SCI, which could be
a potential mechanism underlying the improved train-
ing efficacy in the subacute period, as Igfl is associated
with corticospinal neuron sprouting in the injured cord
[88, 89]. Cell signaling pathways associated with cell
adhesion molecules were also upregulated following
SCI, including Cadm1i, Jam2 and F11r onto Cadml and
Jam3, respectively (Fig. 3A). We projected Grn, Igfl,
and Cadml onto the UMAP and observed high locali-
zation of these genes to injury-induced states (Fig. 3C).
Taken together, microglia-neuronal signaling was
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altered by SCI, and underwent transitions from suba-
cute to chronic injury, although LPS injection did not
appear to recapitulate the subacute pathways.

Systemic inflammatory stimulus boosts DAM caudal

to injury

To gain insight into the functional significance of diverse
microglial states after SCI, we used Gene Ontology (GO)
terms from gProfiler [57]. Primed microglia, enriched
in chronic SCI with an LPS injection, were associated
with translation, while DAM, enriched in subacute SCI,
were associated with regulating cell death, respond-
ing to reactive oxygen species (ROS), phagocytosis and
regulating cytokine production (Fig. 3D). The Ccl3/4-
microglia were associated with similar predicted func-
tional roles, including cytokine production regulation,
regulating programmed cell death and response to TNF
and type II interferon. The IRM, similarly, had predicted
roles in both regulating type I interferon production and
responding to type II interferon, while MHC-II-micro-
glia had predicted roles in antigen processing and pres-
entation, in translation, and in phagocytosis (Fig. 3D).
Overall, these data point towards distinct putative roles
for different microglial states after SCI, which, given the
changes seen in microglial signatures with time after SCI,
could underlie changes in function from the subacute to
chronic phases after injury.

Given the predicted functional roles for the different
microglial states, we then explored the spatial localiza-
tions of microglia with respect to the lesion site, in order
to understand how these functional roles may be at play
in the injured cord. We utilized Ibal (a marker of micro-
glia and macrophages) alongside either Galectin-3 (Gal3;
a marker of DAM) or Cd74 (a marker of MHC-II-micro-
glia). We evaluated microglia either at the lesion centre
(Supp Fig. 6), rostral (Supp Fig. 7), or caudal to the injury
site within dorsal white matter (Fig. 4). As expected, we
observed a higher density of Ibal staining at the lesion
site of animals that sustained an injury, compared to
naive controls (Supp Fig. 6). Examining the tissue ros-
tral (Supp Fig. 7) and caudal (Fig. 4) to the injury site,
Ibal + densities were increased above baseline levels after
chronic SCI, with or without an LPS injection, suggest-
ing that microglial densities were increased in degener-
ated tracts in chronic SCI. Caudal to the injury site, LPS
injection further boosted microglia/macrophage density
compared to in chronic SCI alone (Fig. 4A-B). Given
that LPS increased microglia density caudally (Fig. 4B),
but not rostrally (Supp Fig. 7), this likely suggests that the
LPS-mediated increased microglia density may have spe-
cifically targeted degenerated tracts below the injury site.
Brennan and colleagues observe that microglia promote
maladaptive plasticity in autonomic circuitry caudal
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to the injury site in a high thoracic injury, and a similar
mechanism may be at play here promoting motor plas-
ticity [90]. Interestingly, previous studies have observed
increased sprouting of the CST above the lesion with
an LPS injection [11], but did not explore the areas below
the injury site.

We were intrigued by the localization of DAM, as
they have been observed across a variety of SCI mod-
els [35, 40, 79] and were key drivers of metabolic activ-
ity (Fig. 2) and microglial-neuronal interactions (Fig. 3).
Gal3 is the protein encoded by Lgals3, which is enriched
in DAM (Fig. 1E), and co-labelling with Ibal was used to
demarcate the DAM population. In the lesion site, the
vast majority of Ibal+cells co-labelled with Gal3, sug-
gesting they were DAM. These DAM were not present
in uninjured animals (Supp Fig. 6) and were found at
equivalent densities across injury groups, suggesting that
DAM persist in the lesion site into the chronic stage after
injury. Within degenerating tracts caudal to the injury
site, we found more microglia and macrophage express-
ing Gal3+within chronic animals, which was further
augmented with LPS injection (Fig. 4A—C). In the dor-
sal white matter caudal to the injury site, the percent-
age of microglia/macrophages that expressed Gal3 was
1% in the naive animals, increased to 44.9% in subacute
animals, further increased to 59.3% in ChSaline animals
and increased to 76.7% in ChLPS animals, suggesting that
LPS stimulates a DAM state in caudal degenerated tracts.

We also examined Cd74, which was enriched in the
MHC-II-microglia in the scRNAseq dataset. We found
these Cd74 +1Ibal + cells were a smaller population than
Gal3 +Ibal +and were largely restricted to the lesion site
within injured rats (Supp Fig. 9). Altogether, we found
that most lesional microglia and macrophages express
the DAM marker Gal3, and that this population was
heightened within degenerated tracts caudal to the injury
site following LPS injection. As our GO terms suggested
DAM were associated with phagocytosis, their presence
in the degenerated tracts could suggest enhanced phago-
cytosis in these regions that is induced by LPS.

Discussion

After SCI, training efficacy is high in the subacute period
after injury, and declines in the chronic period when
animals have plateaued in their recovery, suggesting a
‘window of opportunity’ for effective training. In our
rehabilitative training model (single pellet reaching and
grasping; [11]), training onset was examined as early
as 4 days post-injury [8], and improvements in train-
ing efficacy plateaued by 5 weeks [91], which could be
described as chronic phase. Inflammation may dictate
this window of opportunity, although the mechanisms
by which the immune system contributes to plasticity
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A Caudal Dorsal White Matter
Merged

Iba1 Gal3

ChSaline Subacute Naive

ChLPS

Fig. 4 Injection of LPS augments DAM population in degenerated tracts caudal to the injury site. A Representative sagittal images of dorsal
white matter caudal to the injury site in naive, subacute, ChSaline and ChLPS animals with Iba1 (green) labelling microglia and Gal3 (magenta)
demarcating DAM (n=6 per group). B Quantification of the relative densities of Iba1 + cells, Gal3 + cells and colocalized cells. C The percentage
of Iba1 +cells that also express Gal3 +. Statistics run were a two-way ANOVA with a Tukey post hoc test. *p < 0.05, **p < 0.01, ***p <0.001,

***%¥5 <0.0001. Mean and SEM are represented on graphs

after injury is not yet fully elucidated. Here, we used scR-
NAseq to examine the microglial response from subacute
to chronic cervical SCI in rats. We found distinct micro-
glial signatures, many of which overlapped between the
subacute and chronic periods. The subacute period is
hallmarked by a shift away from homeostatic microglial
states and the establishment of a range of injury-induced
states, predominantly proliferative and DAM states.
The subacute period is also associated with an increase
in energy metabolism and glycosaminoglycan degrada-
tion metabolic pathways, alongside IgfI signalling, which
is decreased by the chronic phase after injury. Chronic
SCI is characterized by a retained injury-induced sig-
nature, including IRM, MHC-II- and Ccl/3/4-expressing
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microglia, with more microglia expressing a homeostatic
signature. Microglial transcriptomic signatures were
altered by an injection of LPS in chronic injury, which
shifts microglia towards a primed microglia state associ-
ated with elevated levels of translation related genes.

We found that the DAM states, in particular, were a
strong candidate for the plasticity-inducing mecha-
nisms that underlie microglial control of the window
of opportunity. The DAM highly express IgfI, which is
a predicted ligand for neurons and a known promoter
of the glial scar formation [36]. The overexpression of
Igfl is also associated with increased axon outgrowth
in corticospinal tract neurons after SCI [81], which
is sensitized by co-expression of Sppl [89], another
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upregulated gene in the DAM population. The strength
of Igfl receptor-ligands was highest in the subacute
period, a time when training provides better outcomes
[4, 8, 10, 11, 91, 92]. Additionally, Sppl overexpression
in combination with rehabilitative training promoted
outgrowth of CST neurons, further supporting a role
for DAM genes in promoting plasticity [93].

We also identified an injury-related increased prob-
ability of microglial granulin interacting with neuronal
sortilin receptor. Microglial granulin, which encodes
for progranulin, has been shown to increase following
SCI [86, 94]. Granulin may promote plasticity given
in vitro work shows an improvement in neurite out-
growth in cultured neurons [85].

Another plasticity promoting mechanism we iden-
tified with our scRNAseq data is the regulation of
extracellular matrix molecules. We found chondroi-
tin sulphate, heparan sulfate, and glycosaminoglycan
degradation was enriched within microglia during the
subacute period. These changes are interesting because
overall levels of the extracellular matrix molecule
CSPGs are upregulated during the subacute period [95]
and are associated with growth-inhibitory properties
of the glial scar [15] and the distal regions of the spinal
cord [95]. However, while microglia can produce the
necessary components to contribute to inhibitory ECM
molecules [96] after SCI, the predominant CSPG pro-
ducing cells are astrocytes [97, 98], although oligoden-
drocytes, OPCs and neurons may also contribute [99,
100].

One major regulator of plasticity rich in CSPGs are
perineuronal nets (PNN), which surround specific neu-
ronal populations [101]. The degradation of CSPGs, some
likely within PNN, enables axon growth after SCI [72,
73]. In both Alzheimer’s and Huntington’s mouse models,
microglial depletion is sufficient to ameliorate disease-
related PNN loss and microglial depletion in wild-type
mice causes global PNN accumulation, suggesting micro-
glia prune PNNs [75, 77]. CSPGs contain two structural
components: a protein core and glycosaminoglycan
(GAG) chains. Removal of GAG chains from CSPGs is
sufficient to prevent much of their inhibitory activity [72,
73]. Therefore, the microglial breakdown of GAG, some
potentially residing within PNN, may contribute to the
enhanced plasticity in this period after injury. The DAM
increased GAG degradation pathways more so than other
microglial states after SCI, linking this state to enhancing
plasticity. Microglial degradation of GAG is upregulated
in the subacute period, which may implicate microglia in
the regulation of CSPGs after injury, although additional
experiments would be necessary to confirm this role. Our
scRNAseq data points towards potential microglial roles
in enabling plasticity in the subacute period, which could
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contribute to the enhanced training efficacy observed
during that phase.

An inflammatory stimulus administered in the
chronic phase enables increased training efficacy [11,
19], although the mechanisms by which an inflamma-
tory stimulus may influence plasticity in the CNS remain
unclear. We initially hypothesized that LPS in a chronic
setting would recapitulate the subacute injury response,
when plasticity and training efficacy is heightened. Here,
contrary to our hypothesis, we showed that microglia
adopt a distinct signature after LPS injection to chroni-
cally injured rats. Schmidt and colleagues found LPS
boosted functional recovery even in the highly inflamma-
tory subacute period [102], which suggests that plasticity
may be mediated differently by LPS-induced inflamma-
tion as opposed to the subacute inflammatory response
to SCI. We found LPS injection induced a primed micro-
glial state, which was highly enriched in translation-asso-
ciated genes. Brennan and colleagues found a microglial
state at 7 days following SCI that resembled the primed
microglia enriched with an LPS injection [35]. Our RNA
velocity analysis suggested the primed microglial state
was transitory and would resolve into a range of injury-
induced and homeostatic states, including DAM. There-
fore, the primed microglial state induced by LPS injection
could represent an activation trajectory that is present
in the subacute period after SCI, which terminates into
a range of injury-induced states. However, further work
is needed to examine microglial dynamics at later time
points after LPS injection to ascertain the evolution of
microglial states.

Our work supports the continued presence of DAM
in chronic SCI, albeit at reduced levels compared to
subacute SCI. Interestingly, we identified an increased
DAM population in the degenerated white matter
tracts caudal to the injury in animals that had received
an LPS injection. Given the upregulated phagocytic
genes in the DAM state, DAM are postulated to clear
debris [69, 70]. Indeed, we found GO terms identi-
fied phagocytosis as a probable role for DAM after
SCI, although additional validation experiments would
be necessary to confirm this. Debris remains in the
injured cord in rats for at least 8 weeks following SCI
[103] and for years in humans with a SCI [104] and the
elevated DAM could be playing roles in removing this
debris. In the subacute period, LPS injection increases
myelin  phagocytosis via microglia/macrophages
expressing Gal3 in regions of Wallerian degenera-
tion [105]. Similarly, LPS injection also increases lipid
droplets within microglia in the chronically injured
spinal cord several weeks following an LPS injection
[19]. We found DAM markers within degenerating
white matter tracts below the injury site. Of note, Fan



John et al. Journal of Neuroinflammation (2025) 22:56

and colleagues utilized a collagen scaffold following a
complete transection in rhesus monkeys and found an
increased DAM population caudal to the injury site,
as well as accompanying improvement in functional
recovery, increases in myelination and increases in
growth factor expression (79). The similar increases in
DAM distal to the site of injury across different injury
models could suggest a conserved microglial response.

The phagocytosis of myelin debris is implicated in
improving the microenvironment after SCI, which
could enable enhanced plasticity. After SCI, several
myelin and oligodendrocyte-derived components
exhibit growth inhibitory properties, including mye-
lin-associated glycoprotein (MAG), oligodendrocyte
myelin glycoprotein (OMgp) and Nogo-A, which is
expressed by both oligodendrocytes and myelin, all of
which contribute to regenerative failure of axons in the
injured cord [106, 107]. Further, antibodies produced
against the myelin-associated neurite inhibitors con-
tribute to increased axonal sprouting and growth [74,
108-110]. Phagocytosis of existing myelin debris could
facilitate a microenvironment more conducive to
axonal sprouting. Delays in debris clearance following
Wallerian degeneration in the central nervous system
has been suggested to contribute to reduced regenera-
tion compared to the peripheral nervous system [109].
Myelin phagocytosis is an important rate-limiting step
during remyelination [111-113]. While remyelination
may not be required for functional recovery after con-
tusive SCI [114], it is observed alongside cell trans-
plantation therapies that improve functional recovery
[111, 115, 116], which may suggest a beneficial role in
SCI. Cellular responses that promote remyelination
likely also have other benefits. For example, metformin
treatment after SCI regulates microglial autophagic
flux, increasing myelin debris clearance and myelina-
tion, yet also increases axon growth [117]. Our data
points towards a potential role of LPS in boosting
microglial phagocytosis of myelin debris, which can
contribute to an enhanced regenerative environment
in the injured spinal cord. Importantly, while our data
shows the shifts that occur in microglial transcrip-
tomes across time after injury or with an inflammatory
stimulus, it is limited in showing causative gain-of-
function or loss-of-function roles of these microglial
states, which would be an important future direction
to confirm the hypothesized microglial roles. Our data
highlights the changes in microglial states, although
further work is necessary to understand how these
changes contribute to the complex injury microenvi-
ronment, as well as how rehabilitation could interact
and alter the environment in the chronically injured
spinal cord.
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Conclusion

Here we find a shift in microglial transcriptomic profiles
from the subacute to the chronic phases of SCI, which
correlated with periods of high and low training efficacy,
respectively. Microglia in subacute SCI were character-
ized by increases in proliferative microglia and DAM,
which appear to be candidates for enabling plasticity
in the subacute period after injury. The chronic phase
of SCI was highly diverse, with similar injury-induced
microglial states as present in the subacute period,
albeit at decreased levels, and with a concomitant shift
back to homeostatic microglial signatures. LPS injec-
tion in the chronic period after injury induces a primed
microglial state that appears to be a transitory state, as
well as boosts DAM in the degenerated tracts caudal
to the injury site, which may enable improved debris
clearance and improve the microenvironment for axon
growth. Overall, we demonstrate that a diverse microglia
response is initiated by SCI and persists chronically, with
multiple mechanisms to boost plasticity, making micro-
glia stimulating therapies attractive to enhance plasticity
and boost recovery.
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