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The alarmin interleukin-1α triggers second-
ary degeneration through reactive astro-
cytes and endothelium after spinal cord
injury

Floriane Bretheau1, Adrian Castellanos-Molina1, Dominic Bélanger1,
Maxime Kusik 1, Benoit Mailhot1, Ana Boisvert1, Nicolas Vallières1,
MartineLessard1,MatthiasGunzer 2,3, Xiaoyu Liu4, ÉricBoilard 5,NingQuan4&
Steve Lacroix 1

Spinal cord injury (SCI) triggers neuroinflammation, and subsequently sec-
ondary degeneration and oligodendrocyte (OL) death. We report that the
alarmin interleukin (IL)−1α is produced by damaged microglia after SCI. Intra-
cisternamagna injection of IL-1α inmice rapidly induces neutrophil infiltration
andOLdeath throughout the spinal cord,mimicking the injury cascade seen in
SCI sites. These effects are abolished through co-treatment with the IL-1R1
antagonist anakinra, as well as in IL-1R1-knockout mice which demonstrate
enhanced locomotor recovery after SCI. Conditional restoration of IL-1R1
expression in astrocytes or endothelial cells (ECs), but not in OLs or microglia,
restores IL-1α-induced effects, while astrocyte- or EC-specific Il1r1 deletion
reduces OL loss. Conditioned medium derived from IL-1α-stimulated astro-
cytes results in toxicity for OLs; further, IL-1α-stimulated astrocytes generate
reactive oxygen species (ROS), and blocking ROS production in IL-1α-treated
or SCImicepreventedOL loss. Thus, after SCI,microglia release IL-1α, inducing
astrocyte- and EC-mediated OL degeneration.

The pathophysiology of spinal cord injury (SCI) is divided into two
distinct phases: the primary damage and the secondary damage1,2.
The initial mechanical trauma caused by SCI, characterized by the
initial impact and the possible subsequent compression, leads to
reduced blood flow in the spinal cord and ischemia, an increased
permeability of the blood-spinal cord barrier (BSCB), and the
development of hemorrhages at the lesion site. All of these condi-
tions initiate cell death within the first few min to the first few h
following the injury. These processes rapidly lead to a series of

biochemical changes, ultimately culminating in a progressive wave of
secondary damage3. Recent work in proteomics has predicted that
the transition from primary to secondary damage after SCI and the
accompanying neuroinflammatory responses are triggered by the
release of danger-associated molecular patterns (DAMPs, also refer-
red to as alarmins) from disrupted cells4. The most prevalent DAMPs
in the injured CNS are nucleic acids and nucleotide derivatives,
including ATP, high-mobility group box (HMGB) proteins, S100 class
of proteins, interleukin (IL)−33 and IL-1α5–10. However, blocking these
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individual DAMPs or their receptors has only shown modest
improvements in protecting CNS cells from death and improving
functional recovery after injury10. In some cases, these interventions
can worsen neurological outcomes9,11, with many conflicting studies
reporting either beneficial or detrimental effects in mutant mouse
lines with SCI12–14. The only exceptions to this ambiguity are IL-1α and
ATP and their receptors, whose neutralization in vivo consistently
reduced neuroinflammation and secondary damage and improved
neurological outcome after CNS injury7,8,15,16. The relationship
between these processes remains poorly understood and requires
further investigation.

We recently established that microglia and/or macrophages at
sites of SCI rapidly produce the alarmin IL-1α, in turn triggering
neuroinflammation and locomotor deficits8. The presence of DAMPs
at sites of SCI has also been associated with the production and
release of inflammatory mediators, such as the proinflammatory
cytokines IL-1β and tumor necrosis factor (TNF). Of particular inter-
est is the fact that CNS endothelial cells (ECs) abundantly express
both IL-1R1 and TNF receptor 1 (TNFR1), and are readily activated by
inflammatory environments17,18. Activation of endothelial IL-1R1 and
TNFR1 results in various responses, including cytokine and chemo-
kine release19,20, expression of cell adhesion molecules21,22, disruption
of vascular permeability23,24, and leukocyte trafficking22. Astrocytes,
which are major contributors to glial scar formation after SCI25, react
quickly to these inflammatory mediators as well. Using rodent pri-
mary CNS cell cultures and post-mortem brain tissue from patients
with various neurodegenerative diseases, Liddelow and colleagues
recently found that microglia-derived cytokines and growth factors
determine whether astrocytes will have neurotoxic or pro-survival
effects26, although it is generally acknowledged that reactive astro-
cytes may adopt multiple states27. A subtype of reactive astrocytes

termed A1 astrocytes, activated by microglia-derived IL-1α (but not
IL-1β), TNF and complement component 1q (C1q), may play a role in
the mechanisms leading to the death of OLs and neurons in diseases
such as Alzheimer’s, Huntington’s and Parkinson’s disease, amyo-
trophic lateral sclerosis and multiple sclerosis. However, not all
microglia and astrocyte responses have a detrimental impact on
functional recovery in the context of SCI, and depletion of these
cells may prompt negative outcomes such as disruption of scar for-
mation, enhanced parenchymal immune infiltrates, and reduced OL
and neuronal survival28,29. The extent to which signals from
microglia, astrocytes, ECs and blood-derived immune cells are driv-
ing secondary degeneration after SCI therefore remains an open
question.

The mechanisms underlying secondary tissue damage after SCI
generate an environment that is particularly toxic for OLs30,31. In mice,
thenumberofOLs rapidly decreasesduring thefirst 24 hpost-SCI,with
peak loss occurring at 1 week post-injury32. Apoptotic death of OLs has
been detected in the degenerating white matter tracts of rodents,
monkeys and humans until at minimum 2–3 weeks post-SCI33–35.
Whether this OL loss is directly responsible for the demyelination and
conduction failure observed in axons that survived the initial
trauma36,37, or the behavioral deficits detected after SCI, remains
however uncertain.

Following uponour recent discovery that deletion of the Il1agene
protects OLs and reduces tissue damage after SCI, we investigated the
cellular and molecular mechanisms that underlie IL-1α-dependent
effects in the normal and injured mouse spinal cord. We found that
microglia-derived IL-1α induces OL death through the astrocytic and
endothelial IL-1R1. Mechanistically, stimulation of astrocytic IL-1R1 by
IL-1α converted these cells into a reactive phenotype characterized by
enhanced production and release of reactive oxygen species (ROS)
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Fig. 1 | Damaged microglia rapidly produce IL-1α at the site of spinal cord
contusion in mice. a Representative confocal image showing IL-1α immunostain-
ing (green) in the spinal cord of an injured Cx3cr1Cre::Rosa26TdT transgenicmouse, in
whichmicroglia express the fluorescent reporter Td-Tomato (TdT, red), at 4 h post-
SCI. White arrowheads point to specific double-labeled cells. b–d Confocal
immunofluorescence images showing expression of IL-1α (blue) in microglia (TdT,
red), but not macrophages (LysM, green), in the spinal cord of an injured LysM-
eGFP::Cx3cr1CreER::R26-TdTmouse at 4 h post-SCI. e, fQuantification of IL-1α-positive
(+) cells and IL-1α+TdT+ microglia at the lesion epicenter in untreated Cx3cr1Cre::R-
osa26TdT mice (e n = 3 at 4 h, n = 9 at 24h, n = 6 at 4 days, n = 3 at 7 days, n = 4 at
14 days, n = 3 at 35 days) and fluorescent reportermice treatedwith PLX5622 or the

control diet (f n = 3 control diet 4 h, n = 3 PLX diet 4 h, n = 4 control diet 24 h, n = 4
PLX diet 24h, n = 3 control diet 4 days, n = 3 PLX diet 4 days) and killed at various
time points post-SCI. g–r High magnification confocal images of IL-1α+ TdT+

microglia revealed that these cells often exhibit damaged cell bodies and processes
(g–l) or have retracted, swollen processes, indicative of an activated status (m–r).
White arrowheads point to relevant cell morphologies reminiscent of damaged
(g–l) or activated (m–r) cells. Nuclear staining (DAPI) is shown in blue (i, l, o, r) in
the merged images. Data are presented as mean values + /− SEM and statistical
significance was determined by a one-way (e) or two-way (f) ANOVA with Bonfer-
roni’s post-hoc test. Pairwise comparisons and p-values are indicated in the graphs.
Scale bars: (a) 50 µm, (b–d, in d) 50 µm, (g–r, in r) 10 µm.
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inciting toxicity in OLs. Moreover, blocking ROS production in IL-1α-
injected mice and SCI mice prevented OL death. Thus, blocking IL-1R1
signalingor ROSproductionmaybe apromising therapeutic avenue to
prevent OL loss following a CNS insult.

Results
IL-1α is produced by injured microglia during the early acute
phase of SCI
We previously demonstrated that microglia and/or macrophages are
the main producers of IL-1α after SCI8. To clarify which of these two
cell types primarily produces IL-1α, we performed immuno-
fluorescence staining against IL-1α on spinal cord tissue sections
from Cx3cr1CreER::R26-TdT and LysM-eGFP::Cx3cr1CreER::R26-TdT mice
killed at 4 h post-SCI (Fig. 1a–d & Supplementary Fig. 1a–d), which
corresponds to the peak of IL-1α protein expression (Fig. 1e). Both
Cx3cr1CreER::R26-TdT and LysM-eGFP::Cx3cr1CreER::R26-TdT mice
received tamoxifen treatment 1 month prior to SCI to drive TdT
expression specifically in microglia, and not in peripheral myeloid
cells, as previously established29. Quantification revealed that nearly
all (95 ± 5%) IL-1α-positive (+) cells also expressed TdT, suggesting

that they are microglia (Fig. 1f). To confirm this finding, microglia
were depleted in vivo using PLX5622, a CSF1R inhibitor from Plex-
xikon. As shown in Fig. 1f and Supplementary Fig. 1e–j, very few IL-1α+

cells were detected in the injured spinal cord of Cx3cr1CreER::R26-TdT
mice fed PLX5622 chow (0.7 ± 0.3% IL-1α+ cells/mm2) compared to
those fed the control diet (38.0 ± 4.4 IL-1α+ cells/mm2). Thus, our
results show that microglia located at the lesion epicenter and sur-
rounding damaged areas are the main cellular source of IL-1α pro-
duction after SCI.

Consistent with its role as an alarmin, IL-1α is typically synthe-
sized as a precursor protein and constitutively stored in the nucleus
and cytoplasm of cells, and we next sought to determine the
health of IL-1α-producing microglia in the injured mouse spinal cord.
Most IL-1α+ microglia had both damaged cell bodies/processes or
exhibited retracted, swollen processes, indicating an activated status
(Fig. 1g–r). Confocal microscopy images revealed a homogenous
distribution of IL-1α protein within the whole microglia (nucleus
and cytoplasm). Together, these results show that damaged
microglia produce the alarmin IL-1α during the early acute
phase of SCI.

Fig. 2 | Injection of IL-1α into the CNS of mice induces rapid activation of glial
cells, neutrophil infiltration, and loss ofmature oligodendrocytes in the spinal
cord. a–d Quantification of the activation marker Fos in astrocytes (Fos+Sox9+

cells), oligodendrocytes (Fos+Olig2+CC1+), microglia (Fos+Iba1+), and neurons (Fos
+NeuN+) in the spinal cordofC57BL/6mice injectedwith either PBSor rmIL-1α i.c.m.
and killed at 1, 4 or 24h post-injection (n = 6 mice/group). e Quantification of the
total number of Ly6G+ neutrophils that infiltrated the spinal cord at 4 and 24 hpost-
injection of PBS or rmIL-1α (n = 3mice/group). f, g Representative confocal images
showing Ly6G (amarker of neutrophils, red) and laminin (a marker of blood vessel
basement membranes, green) immunostainings in the spinal cord of C57BL/6mice
injected with either PBS (f) or rmIL-1α (g) at 24 h post-injection. hQuantification of

the total number of Olig2+CC1+ mature oligodendrocytes in the spinal cord white
matter of C57BL/6 mice at 4 and 24h post-i.c.m. injection of either PBS or rmIL-1α
(n = 4–5 mice/group: n = 4 PBS 4 h, n = 4 rmIL-1α 4 h, n = 4 PBS 24 h, n = 5 rmIL-1α
24h). i, j Representative confocal images showing immunostaining for the oligo-
dendrocyte transcription factor 2 (Olig2, red cells), a nuclear marker of oligoden-
drocyte lineage cells, in the spinal cord of C57BL/6 mice at 24h post-injection of
either PBS (i) or rmIL-1α (j). Data are presented as mean values + /− SEM and sta-
tistical significance was determined by a two-way ANOVA followed by a Bonferroni
post-hoc test (a–e, h). Pairwise comparisons and p-values are indicated in the
graphs. Scale bars: (f, g, in g) 50 µm, (i, j, in j) 50 µm.
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Acute central delivery of IL-1α inmice induces activation of glial
cells throughout the spinal cord
Trauma-induced necrotic cell death, as it occurs after SCI, is likely to
induce the release of several different alarmins at roughly the same
time, such as IL-1α, HMGB1, IL-33, and ATP38,39. In order to study the
effects of IL-1α in a more straightforward in vivo model, we injected
murine recombinant IL-1α (rmIL-1α) intra-cisterna magna (i.c.m.) to
C57BL/6 mice and measured systemic plasma levels of 32 total cyto-
kines and chemokines at 3 different time points (1, 4 and 24 h) post-
injection (Supplementary Fig. 2). When compared to traumatic SCI,
central delivery of IL-1α induced a similar profile of cytokines/che-
mokines in the plasma, with the time course being slightly accelerated
in mice directly injected with the alarmin. We then assessed the acti-
vation of neurons and various glial cells in the spinal cord of IL-1α-
injected mice at identical time points. Expression of the transcription
factor c-Fos (Fos) was used as marker of increased transcriptional
activity, whichwe define as cell activation40. Immunostaining for Fos in
spinal cord tissue sections frommice injected with IL-1α revealed that
Sox9+ astrocytes are activated as early as 1 h post-injection (Fig. 2a),
while activation of Olig2+ CC1+ oligodendrocytes (OLs) was slightly
delayed, occurring at 4 h (Fig. 2b). The peak of activation for both glial
cell types was observed at 4 h, with a total of 187.7 ± 13.3 Fos+ Sox9+

astrocytes/mm² and 75.2 ± 1.5 Fos+ Olig2+ CC1+ OLs/mm² in the thor-
acic spinal cord white matter (Fig. 2a, b & Supplementary Fig. 3a–g).
The number of activated astrocytes and OLs decreased afterward to
4.4 ± 1.4 cells/mm² and 19.3 ± 2.8 cells/mm², respectively, at 24 h post-
injection. In contrast, we found no evidence of microglia activation
after IL-1α injection, as demonstrated by the absence of colocalization
of Fos with Iba1 immunostaining at 1, 4 and 24 h after IL-1α injection
(Fig. 2c & Supplementary Fig. 3h–j). For all time points examined,

nearly zero Fos+ cells were detected in the spinal cord white matter of
PBS-injectedmice. Unlike glial cells, neuronal activation peaked at 24 h
post IL-1α injection, as determined by the upregulation of the Fos
protein in NeuN+ cells of the spinal cord gray matter (Fig. 2d & Sup-
plementary Fig. 3k–m). However, this was the final time point we
analyzed, and peak neuronal activation may well have occurred later.
Thus, it appears that cell type activation in response to IL-1α injection
follows a precise timeline, from astrocytes to OLs and then to neurons.

Central delivery of IL-1α induces neutrophil infiltration into the
neurovascular space and parenchyma of the spinal cord
With the knowledge that IL-1α initiates sterile inflammation by
recruiting neutrophils in Matrigel plugs supplemented with necrotic
cell products41, we examined whether IL-1α injection resulted in the
recruitment of Ly6G+ neutrophils along the rostro-caudal spinal cord
axis. At 4 h post-IL-1α injection, no Ly6G+ cells were observed in the
spinal cord (Fig. 2e).However, the situationdrastically changed at 24 h,
wherein a massive influx of neutrophils in both male and female mice
was detected (Supplementary Fig. 4a). As shown in Fig. 2f, g and
Supplementary Fig. 4b, neutrophils were found both in the neuro-
vascular space and tissue parenchyma throughout the entire rostro-
caudal axis of the spinal cord after i.c.m. injection of IL-1α, but not PBS.
Infiltrating innate immune cells such as neutrophils are thus implicated
in the cascade of cellular events elicited by IL-1α, succeeding the
activation of glial cells.

IL-1α induces the death of mature oligodendrocytes in the
mouse spinal cord
Neuroinflammation is suspected to be a major cause of the secondary
degeneration occurring after SCI. We thus evaluated whether the
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Fig. 3 | Proliferating oligodendrocyte precursor cells rapidly restore the
number of mature oligodendrocytes in mice injected centrally with IL-1α.
a, b Representative confocal images showingOlig2 (red) and BrdU (amarker of cell
proliferation, green) immunostainings in the spinal cord white matter of C57BL/6
mice injected with either PBS (a) or rmIL-1α (b) at 3 days post-injection. White
arrowheads indicate certain proliferating oligodendrocyte lineage cells.
c, d Quantification of the total number of BrdU+ cells (c) and Olig2+BrdU+ double-
positive cells (d) in the spinal cord white matter at 3 days post-injection of PBS or
rmIL-1α intra-cisterna magna (i.c.m.) (n = 6 mice/group). e Percentage of Olig2+

BrdU+ cells coexpressing the NG2marker, an indicator of OPCs (n = 6mice/group).

f Quantification of the total number of Olig2+Ki67+ double-positive cells in the
spinal cord white matter of C57BL/6 mice at 1 and 3 days post-i.c.m. injection of
either PBS or rmIL-1α (n = 3–4mice/group:n = 4 PBSDay 1, n = 3 rmIL-1αDay 1,n = 4
PBS Day 3, n = 4 rmIL-1α Day 3). gQuantification of the total number of Olig2+ CC1+

mature oligodendrocytes in the spinal cord white matter at 1, 3 and 5 days post-
i.c.m. treatment with PBS or rmIL-1α (n = 4 mice/group). Data are presented as
mean values + /− SEM and statistical significance was determined by either a one
(c–e) or two-way (f–g) ANOVA followed by a Bonferroni post-hoc test. Pairwise
comparisons and p-values are indicated in the graphs. Scale bars: (a, b, in b) 50 µm.
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presence of IL-1α in the spinal cord affects cell health and homeostasis,
placing our focus on neurons and cells of OL lineage, as these cell
populations were found to be particularly vulnerable to secondary
damage after SCI42,43. Mature OLs were identified as cells immunopo-
sitive for both Olig2 and CC1 in the spinal cord white matter, while
neuronswere identified asNeuN+ cells in the spinal cord graymatter. At
4 h post-injection, no differences in numbers ofOlig2+ CC1+matureOLs
were seen between mice injected with either PBS or IL-1α (Fig. 2h).
However, after 24 h, the total number of mature OLs was reduced by
approximately 40% inmice that received IL-1α i.c.m. compared to PBS-
injected control mice (Fig. 2h–j), an effect observed in both males and
females (Supplementary Fig. 4c). We counted on average 512.3 ± 24.2
Olig2+ CC1+ cells/mm² in the spinal cord white matter of mice injected
with PBS compared to 302.6 ± 32.6 Olig2+ CC1+ cells/mm² in mice
injected with IL-1α. Given the recent discovery by Floriddia and col-
leagues that distinct OL populations have spatial preferences in the
spinal cord and exhibit different responses to injury44, we next inves-
tigated whether mature OLs vulnerable to IL-1α were localized at a
specific spinal level or white matter tract. IL-1α-mediated OL loss was
observed throughout the entire rostro-caudal axis, independent of the
white matter tract analyzed (Supplementary Fig. 4d–g). However, oli-
godendrocyte death slightly diminished as the distance from the
injection site increased. No signs of neurodegeneration were observed
during the first 24 h of injection of IL-1α (Supplementary Fig. 3n).
However, the increase in neutrophil infiltration and decrease in the
number of mature OLs at 24 h post-IL-1α injection was amplified given
higher concentrations of the alarmin (Supplementary Fig. 4h, i), thus
suggesting a dose-response effect. In contrast, the concentration of IL-
1β had to be increased 2.5-fold that of IL-1α to mimic its effect on OL
loss. Still, IL-1α and IL-1β injected at 20 ng/µl induced similar neutrophil
recruitment, suggesting separatemechanisms regulating infiltration of
neutrophils and OL cell death (Pearson’s correlation, p =0.1813; Sup-
plementary Fig. 4j).

Mature oligodendrocytes are rapidly replaced following death
by increased proliferation of oligodendrocyte lineage cells
Mature OLs are a highly diverse cell population all originating from a
common oligodendrocyte precursor cell (OPC), whose proliferation
and differentiation are regulated by extrinsic signals present in the cell
microenvironment44. Considering mature OLs are decimated during
the early acute phase of SCI8, an effect that was replicated via acute
central delivery of IL-1α in the present study, we next investigated
whether the OL cell population is restored following death by per-
forming in vivo 5’-bromodeoxyuridine (BrdU, a marker of cell pro-
liferation) experiments. As shown in Fig. 3a–d, the number of Olig2+

BrdU+ cells was increasedby ~6.4 fold in the spinal cordwhitematter of
IL-1α-injected mice compared to the control group at 3 days post-
injection. Colocalization studies indicated that 85% or more of pro-
liferating Olig2+ BrdU+ cells are NG2+, thus confirming their identity as
OPCs (Fig. 3e). Data from the BrdU pulse experiments were confirmed
by immunofluorescence staining, showing the proliferative marker
Ki67 to be augmented by ~4.6-fold in the Olig2 cell population in
response to IL-1α (Fig. 3f). Importantly, the number of mature OLs in
the IL-1α group returned to baseline values after 3–5 days (Fig. 3g).
Altogether, these results suggest that the death ofmatureOLs induced
by IL-1α is compensated for by the rapid proliferation of OL line-
age cells.

IL-1α induces neuroinflammation and OL cell death through IL-
1R1 signaling
Evidence suggests that IL-1R1 is the main signaling receptor for IL-1α,
and we postulated that IL-1R1 blockade using anakinra, a recombinant
IL-1 receptor antagonist with greater affinity for IL-1R1 than IL-1α
itself45, would reduce the central effects of the cytokine. When ana-
kinra was administered concomitantly with IL-1α, infiltration of

neutrophils in the mouse spinal cord was completely blocked
(Fig. 4a–c).Moreover, treatmentwith anakinra protected against IL-1α-
inducedOL cell death (Fig. 4d–f). Thus, the blockadeof IL-1R1 signaling
is sufficient to abolish the potential pathophysiological effects of IL-1α
in the spinal cord.

Recovery of locomotor function is improved in mice lacking IL-
1R1 after SCI
Based on the previous findings, we postulated thatmice deficient in IL-
1R1 would exhibit reduced signs of secondary degeneration, resulting
in improved functional recovery after SCI. Therefore, we investigated
whether the absence of the Il1r1 gene positively affects locomotor
recovery after SCI, as previously reported for Il1a−/−mice8. Naive Il1r1−/−,
Il1a−/− and WT mice all received perfect scores on the 9-point Basso
Mouse Scale for locomotion (BMS) and the 11-point BMS subscore. The
situation differed, however, after groups received a moderate
(50kdyn) traumatic SCI. As shown in Fig. 4g–j, Il1r1−/− mice displayed
significantly better locomotor recovery than WT mice after SCI, while
also mimicking the neurological improvements observed in Il1a−/−

mice. Together, these results suggest that global deficiency in IL-1R1
signaling contributes to better functional recovery after SCI, likely by
preventing early manifestations of secondary degeneration.

IL-1R1 is expressed by both glial and endothelial cells in the
mouse spinal cord
Next, we assessed IL-1R1 protein expression in the main cell types
that reside in the spinal cord. For this, we opted for an immuno-
blotting approach using membrane protein extracts derived from
either specific primary cell types isolated from the normal CNS, or
cell lines. Immunoblot analysis revealed that IL-1R1 is expressed by
CNS ECs, OPCs, astrocytes and microglia (Fig. 4k). Intriguingly, the
protein detected using the anti-IL-1R1 polyclonal antibody in OPCs
and astrocytes was of a slightly lower molecular weight than the
predicted ∼67-kDa IL-1R1 protein, suggesting the possibility that cells
of the glial-restricted lineage could express a truncated splice variant
of the mouse IL-1R1 receptor, referred hereafter to as τIL-1R1.
Along this line, we point out that the Quan laboratory has previously
shown that τIL-1R1 is identical to IL-1R1 at the C terminus, but with a
shortened extracellular domain and therefore lower molecular
weight46.

Oligodendrocyte cell death is not directly mediated by IL-1α
To investigate the mechanisms by which IL-1αmediates its effects, we
took advantage of the IL-1R1-restored mouse line developed by ref. 47.
IL-1R1-restoredmice, designedhereafter to as Il1r1r/r mice, exhibit an IL-
1R1 (and τIL-1R1) knockout phenotype that can be reversed in a cell-
specific manner by Cre-mediated recombination. First, we asked
whether OL cell death could be mediated by a direct effect of IL-1α on
OLs. To address this question in vivo, we crossed Il1r1r/r micewithmice
expressing an inducible Cre recombinase under the control of the
Pdgfra promoter, thus restoring Il1r1 gene expression specifically in
OPCs and their cell derivatives. To measure the efficiency of Cre-
mediated IL-1R1 restoration in OL lineage cells, qPCR was used to
amplify the floxed Neo cassette, causing disruption of the Il1r1 gene in
PDGFRα+ OPCs andO4+ pro-OLs immunopanned from the adultmouse
spinal cord. We estimated the restoration of Il1r1 gene expression in
PdgfraCreER::Il1r1r/r mice to be around 20% and 25% of normal levels in
PDGFRα+ OPCs andO4+ pro-OLs, respectively (Fig. 5a). As expected, no
restoration of the wild-type Il1r1 allele was observed inOL lineage cells
of Il1r1r/r mice. Despite partial restoration of Il1r1 gene expression in
OLs of PdgfraCreER::Il1r1r/r mice, we failed to restore the infiltration of
neutrophils and death of mature OLs in response to i.c.m. delivery of
IL-1α (Fig. 5b, c). The total number of mature OLs in the spinal cord
white matter of PdgfraCreER::Il1r1r/r mice injected with IL-1α was similar
to that of Il1r1r/r mice and animals injected with PBS (Fig. 5c).
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Altogether, these results suggest that IL-1α does not seem to cause OL
cell death by a direct mechanism of action.

IL-1α mediates OL cell death independently of microglial IL-1R1
Wepreviously established that IL-1α is released bymicroglia in the first
few h post-SCI and that these cells express IL-1R1. Our next aim was to
investigate whether IL-1α could have autocrine effects on microglia,
promoting in return neuroinflammation and the death of mature OLs.

To test this, we crossed Cx3cr1CreER and Il1r1r/r mice to restore IL-1R1
expression specifically inmicroglia. The efficiency of IL-1R1 restoration
was estimated at approximately 65% in microglia isolated from the
normal spinal cord of adult Cx3cr1CreER::Il1r1r/r mice (Fig. 6a). We next
conducted an experiment in which a single dose of rmIL-1α was
injected i.c.m. in either WT, Il1r1r/r or Cx3cr1CreER::Il1r1r/r mice. As shown
in Fig. 6b, neutrophils infiltrated the spinal cordofWTmicewithin 24 h
of injection, but not Il1r1r/r orCx3cr1CreER::Il1r1r/r mice. Similarly, onlyWT
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mice demonstrated a decreased OL cell number in response to IL-1α
treatment (Fig. 6c), suggesting thatmicroglial IL-1R1 signaling does not
seem to mediate the central effects of IL-1α.

However, when microglia in mice were depleted using PLX5622
chow, the number of neutrophils that infiltrated the spinal cord in
response to acute i.c.m. delivery of IL-1α nearly doubled, passing
from 165.0 ± 22.3 to 301.0 ± 39.5 Ly6G+ cells/mm² (Fig. 6d–j). In par-
allel, the number of mature OLs decreased by approximately 50% in
mice that received the combination of IL-1α and PLX5622, compared
to those who were injected with IL-1α and fed the control diet
(Fig. 6k). This indicates that the central effects of IL-1α are amplified
in the absence of microglia, with microglia-depleted mice having
nearly two timesmore infiltrating neutrophils and half the number of
mature OLs in the spinal cord. Considering the existence of a decoy
IL-1 receptor, IL-1R2, we next hypothesized that the protection con-
ferred by microglia could have been provided by an upregulation of
this receptor. To test this possibility, we took advantage of
tamoxifen-inducible Cx3cr1CreER::R26-TdT mice to specifically isolate
microglia with minimal contamination by blood-derived immune
cells29. We then extracted total RNA from microglia 24 h after injec-
tion with PBS or rmIL-1α, and measured Il1r2 mRNA levels using
quantitative real-time PCR. Data showed that IL-1R2 is undetectable
at the mRNA level in microglia of PBS-injected mice, but that its
expression is dramatically increased in microglia following i.c.m.
injection of IL-1α (Fig. 6l). Together, these results suggest that the
mechanism by which IL-1α induces OL cell death in the spinal cord
occurs independently of microglial IL-1R1 signaling. Instead, micro-
glia appear to protect OLs by sequestering IL-1 cytokines within the
extracellular compartment through the decoy IL-1R2.

Activation of IL-1R1 signaling in CNS endothelial cells causes
BSCB breakdown and neutrophil entry andmediates part of the
OL cell death response
The expression of IL-1R1 by CNS ECs is well described in the literature.
In previous studies, our group as well as others have reported the
importance of endothelial IL-1R1 signaling in the neuroinflammatory
processes taking placeat theblood-brainbarrier (BBB) andBSCB in the
experimental autoimmune encephalomyelitis (EAE) mouse model of
multiple sclerosis20–22,48. To investigate the functional role of the
endothelial IL-1R1 in exhibiting the central effects of IL-1α, Cdh5CreER

mice were crossed with Il1r1r/r or Il1r1fl/fl mice to restore or delete,
respectively, IL-1R1 expression in ECs (Fig. 7). We determined that Il1r1
gene expression was restored to 90% of normal levels in CNS ECs of
adult Cdh5CreER::Il1r1r/r mice at 1 month post-tamoxifen treatment
(Fig. 7b). This restoration of endothelial IL-1R1 expression was suffi-
cient to partially restore neutrophil infiltration and associated BSCB
leakage observed after i.c.m. injection of IL-1α (Fig. 7c & Supplemen-
tary Figs. 5–6). As shown in Fig. 7d and Supplementary Fig. 5c, d, the
average number of mature OLs in the spinal cord of Cdh5CreER::Il1r1r/r

mice was statistically higher than that observed for theWT group after
central administration of IL-1α, but still reduced compared to the
globally IL-1R1-deficient (Il1r1r/r) mice. Restoration of IL-1R1 expression
in CNS ECs was, however, insufficient in mimicking the extent of
locomotor deficits observed in SCIWTmice, as assessed using theBMS
score (Fig. 7e, f). These results suggest that endothelial IL-1R1 signaling
only partially contributes to the global effects of IL-1α in SCI
pathogenesis.

This prompted us to investigate the potential contribution of
endothelial IL-1R1 in another transgenic mouse model, namely

Fig. 4 | IL-1αmediates its effects in both the inflamed and injuredmouse spinal
cord through IL-1R1. a, b Representative confocal images showing the presence
(or absence) of Ly6G+ neutrophils (red cells) in the spinal cord of C57BL/6 mice
injected i.c.m. with either rmIL-1α alone (a) or rmIL-1α + anakinra, a recombinant
human IL-1R antagonist (b). All mice were killed at 24h post-injection. An anti-pan-
laminin antibody was used to stain blood vessel basement membranes (green
staining). c Quantification of the total number of Ly6G+ neutrophils that infiltrated
the spinal cord of mice (n = 3–4 mice/group: n = 3 rmIL-1α, n = 4 rmIL-1α + ana-
kinra). d, e Representative images showing immunostaining for the Olig2 tran-
scription factor in the spinal cord of C57BL/6 mice injected with either rmIL-1α (d)
or rmIL-1α + anakinra (e) and killed at 24h. f Quantification of the total number of
Olig2+ CC1+ mature oligodendrocytes in the spinal cord white matter at 24h post-
i.c.m. treatment (n = 3–4 mice/group: n = 3 rmIL-1α, n = 4 rmIL-1α + anakinra).

g–j Locomotor function was assessed using the BMS score (g, i) and BMS subscore
(h, j) over a 35-day period post-SCI in wild-type (WT), Il1r1r/r (Il1r1−/−) or Il1a−/− mice
(n = 8 mice per group). k Detection by immunoblotting of IL-1R1 in various murine
primary and immortalized cells including: Lane 1 = primary brain microvascular
endothelial cells (BMECs), Lane 2 = primary oligodendrocyte progenitor cells
(OPCs), Lane 3 = primary astrocytes (A), Lane 4 = immortalizedbEnd.3 ECs (bEnd.3),
Lane 5 = primary astrocytes (A), Lane 6 = primary BMECs, and Lane 7 = primary
microglia (M). Data are presented as mean values + /− SEM and statistical sig-
nificance was determined by either a two-tailed Student’s t-test (c, f) or a two-way
repeatedmeasures ANOVA followed by a Bonferroni post-hoc test (g–j). When not
directly indicated in the graphs, p-values are as follows: ****p <0.0001, ***p <0.001,
**p <0.01, *p <0.05, compared to the WT group. Scale bars: (a, b, in b) 25 µm,
(d, e, in e) 25 µm.
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Fig. 5 | Restoration of the Il1r1 gene in oligodendrocyte lineage cells does not
lead to IL-1α-mediated neuroinflammation and oligodendrocyte loss.
aQuantification of restorationof Il1r1gene expression in primary PDGFRα+ andO4+

oligodendrocyte lineage cells isolated by immunopanning from the uninjured
spinal cord of adult Il1r1r/r mice, who express an IL-1R1-knockout phenotype, and
PdgfraCreER::Il1r1r/r mice at 50 days post-tamoxifen treatment (n = 3 per group and
each sample has a pool of 4 mice). b Quantification of the number of Ly6G+ neu-
trophils that infiltrated the spinal cord of WT, Il1r1r/r and PdgfraCreER::Il1r1r/r mice at
24h post-injection of either PBS or rmIL-1α (n = 3–4 mice/group: n = 4 WT+PBS,

n = 4 Il1r1r/r + PBS, n = 4 PdgfraCreER::Il1r1r/r + PBS, n = 3 WT+ rmIL-1α, n = 4 Il1r1r/r +
rmIL-1α, n = 4 PdgfraCreER::Il1r1r/r + rmIL-1α). c Quantification of the total number of
Olig2+ CC1+ mature oligodendrocytes in the spinal cord white matter of WT, Il1r1r/r

and PdgfraCreER::Il1r1r/r mice at 24 h post-injection of either PBS or rmIL-1α (n = 3–5
mice/group: n = 4 WT+ PBS, n = 3 Il1r1r/r + PBS, n = 3 PdgfraCreER::Il1r1r/r + PBS, n = 3
WT+ rmIL-1α, n = 3 Il1r1r/r + rmIL-1α, n = 5 PdgfraCreER::Il1r1r/r + rmIL-1α). Data are
presented asmean values + /− SEM and statistical significance was determined by a
two-way ANOVA followed by a Bonferroni post-hoc test (a–c). Pairwise compar-
isons and p-values are indicated in the graphs.
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Fig. 6 | Microglia alleviate IL-1α-mediated neuroinflammation and oligoden-
drocyte loss independently of their expression of IL-1R1. a Quantification of
restoration of Il1r1 gene expression in primary microglia isolated from the unin-
jured spinal cord of adult Il1r1r/r mice expressing an IL-1R1-knockout phenotype (set
to 0%) and Cx3cr1CreER::Il1r1r/r mice at 30days post-tamoxifen treatment (n = 5 Il1r1r/r,
n = 3 Cx3cr1CreER::Il1r1r/r). b Quantification of the number of Ly6G+ neutrophils that
infiltrated the spinal cord of WT, Il1r1r/r and Cx3cr1CreER::Il1r1r/r mice at 24 h post-
injection of either PBS or rmIL-1α (n = 6 WT+ PBS, n = 4 Il1r1r/r + PBS, n = 4
Cx3cr1CreER::Il1r1r/r + PBS, n = 6 WT+ rmIL-1α, n = 4 Il1r1r/r + rmIL-1α, n = 4
Cx3cr1CreER::Il1r1r/r + rmIL-1α). c Quantification of the number of Olig2+ CC1+ mature
oligodendrocytes in the spinal cordwhitematter ofWT, Il1r1r/r andCx3cr1CreER::Il1r1r/r

mice at 24 h post-injection (n = 11 WT+ PBS, n = 7 Il1r1r/r + PBS, n = 8 Cx3cr1CreER::-

Il1r1r/r + PBS, n = 9 WT+ rmIL-1α, n = 6 Il1r1r/r + rmIL-1α, n = 9 Cx3cr1CreER::Il1r1r/r +
rmIL-1α).d–iConfocal images showing the presence of CD11b+ cells (green cells in

d–f; CD11b stainsmicroglia,macrophages and neutrophils) and Ly6G+ neutrophils
(red cells, g–i) in the spinal cord of C57BL/6 mice injected with either PBS (d, g),
rmIL-1α (e, h) or rmIL-1α + PLX5622 (f, i) at 24 h post-injection. j Quantification of
the number of Ly6G+ neutrophils that infiltrated the spinal cord of C57BL/6 mice
at 24 h post-injection of either PBS, rmIL-1α, or rmIL-1α + PLX5622 (n = 4 mice/
group). kQuantification of the number of Olig2+ CC1+ mature oligodendrocytes in
the spinal cord white matter of C57BL/6 mice at 24 h post-injection of either PBS,
rmIL-1α, or rmIL-1α + PLX5622 (n = 3 mice/group). l Relative expression of Il1r2
gene inmice injected with PBS or rmIL-1α, as determined by quantitative real-time
PCR (n = 2 per group, where each n is a pool of 4 mice). Data are presented as
means + /− SEM and statistical significance determined by either a two-tailed
Student’s t-test (a, l), one-way ANOVA (j, k), or two-way ANOVA (b, c) followed by
a Bonferroni post-hoc test. Pairwise comparisons and p-values are indicated in the
graphs. Scale bars: (d–i, in i) 50 µm.
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Cdh5CreER::Il1r1fl/fl mice. In these mice, Il1r1 gene expression was
reduced by nearly half in CNS ECs when compared to Il1r1fl/fl control
mice (Fig. 7g, h). Further, conditional knockout (cKO) of IL-1R1 in
CNS ECs resulted in decreased recruitment and infiltration of neu-
trophils in the spinal cord of mice at 24 h post-i.c.m. injection of IL-1α
(Fig. 7i & Supplementary Fig. 5e, f), proving that endothelial IL-1R1

signaling is relevant in IL-1α mediated neuroinflammation. Further,
the IL-1α-mediated decrease in the number of mature spinal cord
OLs was prevented by genetic deletion of the Il1r1 gene in
Cdh5CreER::Il1r1fl/fl mice (Supplementary Fig. 5g, h). We counted on
average 538.9 ± 45.6 Olig2+CC1+cells/mm² in the spinal cord white
matter of Cdh5CreER::Il1r1fl/fl mice injected with PBS compared to
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Fig. 7 | IL-1α-induced neuroinflammation and oligodendrocyte loss is partly
mediated by endothelial IL-1R1. a Genetic design of the Cdh5CreER::Il1r1r/r mouse
line. b Quantification of Il1r1 gene expression in primary brain endothelial cells
isolated from adult Il1r1r/r mice expressing an IL-1R1-knockout phenotype (set to
0%) and Cdh5CreER::Il1r1r/r mice at 30 days post-tamoxifen treatment (n = 3 mice/
group). c Quantification of Ly6G+ neutrophils in the spinal cord of WT, Il1r1r/r and
Cdh5CreER::Il1r1r/r mice at 24h post-i.c.m. injection of PBS or rmIL-1α (n = 6WT+ PBS,
n = 8 Il1r1r/r + PBS, n = 5 Cdh5CreER::Il1r1r/r + PBS, n = 10 WT+ rmIL-1α, n = 14 Il1r1r/r +
rmIL-1α, n = 9 Cdh5CreER::Il1r1r/r + rmIL-1α). d Quantification of Olig2+ CC1+ mature
oligodendrocytes in the spinal cord at 24 h post-injection (n = 6 WT+ PBS, n = 8
Il1r1r/r + PBS, n = 5 Cdh5CreER::Il1r1r/r + PBS, n = 9 WT+ rmIL-1α, n = 14 Il1r1r/r + rmIL-1α,
n = 9 Cdh5CreER::Il1r1r/r + rmIL-1α). e, f Locomotor function was assessed using the
BMS score (e) and BMS subscore (f) after SCI (n = 8 mice/group). g Genetic design
of the Cdh5CreER::Il1r1fl/fl mouse line. h Il1r1 gene expression in brain endothelial cells

of adult Il1r1fl/fl mice, which normally express the Il1r1 gene (set to 100%), and
Cdh5CreER::Il1r1fl/flmiceat 30days post-tamoxifen (n = 2mice/group). iQuantification
of spinal cord-infiltrated neutrophils at 24 h post-injection (n = 8 WT+ PBS, n = 6
Il1r1fl/fl + PBS, n = 7 Cdh5CreER::Il1r1fl/fl + PBS, n = 8WT+ rmIL-1α, n = 4 Il1r1fl/fl + rmIL-1α,
n = 11 Cdh5CreER::Il1r1fl/fl + rmIL-1α). j Quantification of mature oligodendrocytes at
24h post-injection (n = 8 WT+ PBS, n = 6 Il1r1fl/fl + PBS, n = 7 Cdh5CreER::Il1r1fl/fl + PBS,
n = 8WT+ rmIL-1α, n = 6 Il1r1fl/fl + rmIL-1α, n = 9 Cdh5CreER::Il1r1fl/fl + rmIL-1α).k, l BMS
scores (k) and subscores (l) after SCI (n = 7–8mice/group). Data aremeans + /− SEM
and statistical significance was determined by a two-tailed Student’s t-test (b, h),
two-wayANOVA (c,d, I, j), or two-way repeatedmeasuresANOVA (e, f,k, l) followed
by Bonferroni post-hoc test. e, f ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05;
&&&&p <0.0001, &&&p <0.001, &&p <0.01, &p <0.05. Other pairwise comparisons and
p-values are indicated in graphs.
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469.2 ± 30.7 Olig2+CC1+cells/mm² in those injected with IL-1α
(Fig. 7j). This decrease was not statistically significant, and did not
recapitulate the magnitude of the OL cell loss detected in the two
control mouse lines in response to IL-1α (i.e., 45–50% decrease).
These loss-of-function effects caused by cKO of IL-1R1 in CNS ECs did
not translate into any changes in terms of locomotor recovery
(Fig. 7k, l). Thus, endothelial IL-1R1 signaling is at least partly

responsible for the infiltration of neutrophils and the death of
mature OLs induced by IL-1α.

IL-1α induces OL cell death in part through activation of IL-1R1
signaling in astrocytes
In light of recent studies reporting on the existence of neurotoxic A1
astrocytes in various CNS disorders26,49, we next investigated the
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Fig. 8 | IL-1α-induced neuroinflammation and oligodendrocyte loss is partly
mediated by astrocytic IL-1R1. a Genetic design of the GfapCre::Il1r1r/r mouse line.
b Quantification of Il1r1 gene expression in primary brain astrocytes from adult
Il1r1r/r mice expressing an IL-1R1-knockout phenotype (set to 0%) andGfapCre::Il1r1r/r

mice (n = 6 mice/group). c Quantification of Ly6G+ neutrophils that infiltrated the
spinal cord of WT, Il1r1r/r and GfapCre::Il1r1r/r mice at 24h post-i.c.m. injection of PBS
or rmIL-1α (n = 7 WT+ PBS, n = 8 Il1r1r/r + PBS, n = 5 GfapCre::Il1r1r/r + PBS, n = 7 WT+
rmIL-1α, n = 8 Il1r1r/r + rmIL-1α, n = 6 GfapCre::Il1r1r/r + rmIL-1α). d Quantification of
Olig2+ CC1+ mature oligodendrocytes in the spinal cord at 24 h post-injection (n = 8
WT+ PBS, n = 8 Il1r1r/r + PBS, n = 7 GfapCre::Il1r1r/r + PBS, n = 8 WT+ rmIL-1α, n = 8
Il1r1r/r + rmIL-1α, n = 6 GfapCre::Il1r1r/r + rmIL-1α). e, f Locomotor function was asses-
sed using the BMS score (e) and BMS subscore (f) after SCI (n = 16WT, n = 15 Il1r1r/r,
n = 15GfapCre::Il1r1r/r). gGenetic design of theGfapCre::Il1r1fl/fl mouse line. h Il1r1 gene

expression in primary brain astrocytes isolated from adult Il1r1fl/fl mice, which
normally express the Il1r1 gene (set to 100%), and GfapCre::Il1r1fl/fl mice (n = 5 mice/
group). i Quantification of spinal cord-infiltrated neutrophils at 24 h post-injection
(n = 8 WT+ PBS, n = 8 Il1r1fl/fl + PBS, n = 8 GfapCre::Il1r1fl/fl + PBS, n = 8 WT+ rmIL-1α,
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scores (k) and subscores (l) after SCI (n = 13WT,n = 16 Il1r1fl/fl, n = 13GfapCre::Il1r1fl/fl).
All data are means + /− SEM and statistical significance was determined by a two-
tailed Student’s t-test (b, h), two-way ANOVA (c, d, i, j), or two-way repeated
measures ANOVA (e, f, k, l) followedbyBonferroni post-hoc test. e, f ****p <0.0001,
***p <0.001, **p <0.01, *p <0.05; &&&&p <0.0001, &&&p <0.001, &&p <0.01, &p <0.05.
Other pairwise comparisons and p-values are indicated in graphs.
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contribution of astrocytic IL-1R1 signaling in IL-1α-mediated OL cell
death. To examine this, GfapCre mice were crossed with either Il1r1r/r or
Il1r1fl/fl mice to restore or delete, respectively, IL-1R1 expression in
astrocytes (Fig. 8). In brain astrocytes of adultGfapCre::Il1r1r/r mice, Il1r1
gene expression was restored to approximately 60% of normal levels
(Fig. 8b). This level of restoration of IL-1R1 expression in astrocyteswas
not sufficient to reestablish IL-1α-mediated neutrophil infiltration, as
virtually no Ly6G+ cells were observed in the spinal cord of Gfap-
Cre::Il1r1r/r mice at 24 h post-injection (Fig. 8c & Supplementary Fig. 7a,
b). Despite the absence of neutrophil recruitment, this level of IL-1R1
restoration in astrocytes partially reinstituted OL cell death in the
presence of IL-1α injection (Supplementary Fig. 7c, d). In
GfapCre::Il1r1r/r mice, the number of mature OLs decreased by 35% fol-
lowing central injection of IL-1α, passing from 476.4 ± 50.8 to
308.2 ± 16.6 Olig2+CC1+ cells/mm² (Fig. 8d). In comparison, 55% of the
matureOLpopulationdied in response to central deliveryof IL-α inWT
mice, passing from 489.0 ± 225.1 to 225.6 ± 34.0 Olig2+CC1+cells/mm²
in the thoracic spinal cord white matter. While WT mice performed

significantlyworse than IL-1R1-deficient (Il1r1r/r) mice on the BMSopen-
field locomotor scale after SCI,GfapCre::Il1r1r/r miceperformed identical
to Il1r1r/r mice (Fig. 8e, f). Most of these observations were confirmed
via another transgenic mouse model, namely GfapCre::Il1r1fl/fl mice
(Fig. 8g). In agreement with previous findings, knockout of 80% of Il1r1
expression in astrocytes failed to reduce neutrophil infiltration
(Fig. 8h, i & Supplementary Fig. 7e, f). However, partial deletion of IL-
1R1 expression in astrocytes of IL-1α-treated GfapCre::Il1r1fl/fl mice did
not restoreOL cell counts back to normal levels, i.e., those seen in PBS-
treated animals (Fig. 8j & Supplementary Fig. 7g, h). Indeed, despite a
slightly increased trend inOL viability in the cKOmouse line compared
to control groups after i.c.m. injection of IL-1α, these results did not
reach significance. Moreover, partial deletion of the Il1r1 gene in
astrocytes alone did not promote functional recovery in the context of
SCI (Fig. 8k, l). Therefore, combined targeting of both astrocytic and
endothelial IL-1R1, or their common downstream effector molecules,
could prove synergistic and produce improved outcomes in terms of
preventing secondary degeneration and locomotor deficits after SCI.
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Neutrophils are not responsible for the killing of mature OLs
To determine whether neutrophils play a role in IL-1α-mediated OL
loss, we took advantage of the optimized neutrophil-specific “Combo”
depletion strategy, recently developed by Boivin and colleagues50. As
shown in Supplementary Fig. 2, within 4 h of i.c.m. injection of IL-1α,
several proliferative and chemoattractant factors targeting

neutrophils are released in the blood. To account for the depletion of
newly formed neutrophils, an adapted version of the Combo strategy,
consisting of an extra dose of the anti-Ly6G antibody at 12 h post-IL-1α
administration, hereafter referred to as “Combo+”, was also tested
(Fig. 9a). Seeing as treatmentwith the anti-Ly6G antibody results in the
masking of surface Ly6G antigens, thus preventing their subsequent
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detection by flow cytometry or immunofluorescence, all neutrophil
depletion experiments were performed in Ly6gCre-TdT::R26-TdT trans-
genic mice expressing the TdT fluorescent protein specifically in
neutrophils. As shown in Fig. 9b, the Combo+ strategy led to an era-
dication of >95% of Ly6G-TdT+ blood neutrophils compared to control
groups at 24 h post-injection of IL-1α. Likewise, the total number of
neutrophils was reducedby ~90% and ~85% in the spinal cord of Ly6gCre-

TdT::R26-TdT mice injected with IL-1α and treated with the Combo+

strategy, compared to those treated with either saline or the isotype
control antibody (Fig. 9c–e). The original Combo treatment reduced
the total number of spinal cord-infiltrating neutrophils by only 55%
compared to controls. Despite the near complete elimination of infil-
trating neutrophils in the spinal cord of IL-1α-injected mice, the
Combo+ treatment did not prevent OL loss (Fig. 9f–h). Furthermore,
we discovered that ~70% of the few remaining neutrophils were loca-
lized in the spinal cord gray matter, leaving on average only 3.1 ± 1.1
neutrophils/mm² in the spinal cord white matter where we quantified
Olig2+ CC1+ OLs (Fig. 9i). Altogether, these results suggest that neu-
trophils do not play a role in the death of mature spinal cord OLs
observed after central IL-1α administration.

IL-1α induces a reactive astrocyte phenotype that leads to the
killing of mature OLs through the release of reactive oxygen
species
The complement component 3 (C3) protein was recently shown to be
upregulated in a subtype of reactive astrocytes observed to have
potentially neurotoxic effects in various CNS disorders26. We have thus
examined whether central administration of rmIL-1α increases C3
expression in spinal cord astrocytes.We found that i.c.m. delivery of IL-
1α in C57BL/6 mice at day 1 post-injection increased the total number
of Sox9+ cells expressing C3 by nearly two-fold, an effect that was only
replicated by the restoration of IL-1R1 expression specifically in
astrocytes and not other cell types (Fig. 10a–c). This shows that IL-1α is
a potent inducer of astrocytic C3 upregulation, likely associated with a
toxic reactive phenotype.Next, weperformed cell culture experiments
using primary murine astrocytes and OLs to determine whether OL
death is induced by release of toxic factors via astrocytes upon IL-1α
stimulation, rather than toxicity induced through cell contact medi-
ated mechanisms (Fig. 10d). Consistent with previous data demon-
strating that i.c.m. delivery of IL-1α to PdgfraCreER::Il1r1r/r mice did not
result in death of mature spinal cord OLs (Fig. 5), we found that the
addition of rmIL-1α to the control medium resulted in minor, non-
significant toxicity for OLs in vitro (Fig. 10e). However, the transfer of
conditioned medium from IL-1α-stimulated astrocytes to cultured
primaryOLswas sufficient in evoking their death, as assessed using the
LDH cytotoxicity assay. No significant cytotoxicity was detected on
primary mature OLs when incubated with astrocyte-conditioned
medium from untreated astrocytes. This indicates that even if IL-1α

exposure might result in low level OL death, IL-1α-stimulated astro-
cytes clearly release factors that are lethal to mature OLs.

We next aimed to determine the identity of the molecules harm-
ing OLs. Considering the susceptibility of OLs and neurons (axons) to
reactive oxygen species (ROS)51,52, we hypothesized that ROS could be
implicated in this mechanism of cell death. To assess the potential
involvement of ROS in cell death of mature spinal cord OLs, we first
examined whether IL-1α can trigger the production of ROS by astro-
cytes in vitro. For this, we cultured primary murine astrocytes in the
presence of either rmIL-1α or vehicle, and then measured the pro-
duction of ROS at various time points using the CellRox assay. We
found that astrocytes begin expressing ROS at 4 h post-treatment with
IL-1α, and this ROS production is sustained over the total observation
period (i.e., 24 h; Fig. 10f). We then attempted to validate this propo-
sition in vivo using IL-1α-injected C57BL/6 mice either pretreated or
notwithN-acetyl-L-cysteine (NAC), a potent antagonist of ROS activity.
Pretreatment with the NAC compound was sufficient to partially neu-
tralize the effect of IL-1α on neutrophil infiltration (Fig. 10g–i). More
importantly, the NAC pretreatment completely prevented the loss of
mature spinal cord OLs associated with central IL-1α administration
(Fig. 10j–l). Inhibition of ROS may therefore be an effective target to
mitigate inflammation and block secondary degeneration of mature
OLs after SCI. This hypothesis was further tested in a mouse model of
contusion SCI. Although NAC administration the day before and dur-
ing the first 24 h post-SCI failed to reduce neutrophil infiltration at day
1 after SCI (Fig. 10m–o), it successfully reduced the death of mature
OLs caudal to the site of contusion injury when compared to saline-
treated animals (Fig. 10p–r). Together, these data show that IL-1α
activates astrocytes, resulting in the release of toxic ROS, and con-
tributing to secondary pathogenesis in SCI.

Discussion
It has long been recognized that the release of DAMPs initiates
inflammation following tissue injury, but their identity and effects are
just beginning to be understood in the context of the injured CNS.
Here, we investigated the role of the alarmin IL-1α in the SCI environ-
ment. We found that IL-1α is primarily derived from damaged micro-
glia located in the lesion core, and that peak expression of this alarmin
correlateswith the death ofmicroglia, occurringwithin the first 24 h of
SCI. Further, deletion of the Il1a or Il1r1 gene inmice not only reduced
the infiltration of innate immune cells, but significantly diminished the
death ofmature OLs at sites of SCI and improved locomotor recovery.
Delivery of IL-1α i.c.m. mimicked the profile of cytokines/chemokines
released in the plasma post-SCI, triggered the recruitment and infil-
tration of neutrophils, and led to a dramatic loss of mature OLs along
the rostrocaudal axis of the spinal cord. Using sophisticated transgenic
mouse lines inducing cell-specific restoration or deletion of the gene
coding for IL-1R1 in CNS-resident cell populations, we found that OL

Fig. 10 | Reactive oxygen species released by astrocytes in response to IL-1α
induce oligodendrocyte death. a Quantification of Sox9+C3+ astrocytes in the
spinal cord of IL-1R1-deficient (Il1r1r/r) and cell-specific IL-1R1 conditional restored
mice injected i.c.m. with PBS or rmIL-1α and killed at day 1 (n = 15 WT +PBS, n = 16
WT+ rmIL-1α, n = 13 Il1r1r/r + PBS, n = 11 Il1r1r/r + rmIL-1α, n = 3 PdgfraCreER::Il1r1r/r +
PBS, n = 5 PdgfraCreER::Il1r1r/r + rmIL-1α, n = 2 Cx3cr1CreER::Il1r1r/r + PBS, n = 3
Cx3cr1CreER::Il1r1r/r + rmIL-1α, n = 3 Cdh5CreER::Il1r1r/r + PBS, n = 6 Cdh5CreER::Il1r1r/r +
rmIL-1α, n = 3 GfapCre::Il1r1r/r + PBS, n = 4 GfapCre::Il1r1r/r + rmIL-1α). b, c Sox9 (red)
and C3 (green) immunostainings in the spinal cord of mice injected with PBS or
rmIL-1α. White arrowheads point to double-labeled cells. d Experimental design for
the lactate dehydrogenase (LDH) assay. Primary astrocytes were cultured in pre-
sence of PBS (vehicle) or rmIL-1α. Primary mature OLs were then incubated in
DMEM containing (or not) rmIL-1α, or conditioned medium derived from astro-
cytes (ACM) stimulated with vehicle or IL-1α. eQuantification of OL loss using LDH
assay (n = 3 wells/condition). f Quantification of reactive oxygen species (ROS)
production in primary astrocytes stimulated with vehicle or rmIL-1α (n = 6 wells/

condition).g, h Immunofluorescence showing Ly6G+ neutrophils (red) in the spinal
cord of C57BL/6 mice injected i.c.m. with rmIL-1α and i.p. with N-acetyl-L-cysteine
(NAC) or saline. Mice were killed at 24h post-i.c.m. injection. i Quantification of
spinal cord-infiltrated Ly6G+ neutrophils (n = 8 Saline+PBS, n = 9 Saline+rmIL-1α,
n = 8 NAC+ PBS, n = 7 NAC+ rmIL-1α). j, k Confocal immunofluorescence showing
Olig2 (red) and CC1 (green) in the spinal cord of mice injected i.c.m. with rmIL-1α
and i.p. with NAC or saline at 24 h. lQuantification ofmature OLs in the spinal cord
(n = 8 mice/group). m, n Immunostaining of Ly6G+ neutrophils (red) at the lesion
epicenter at day 1 post-SCI in C57BL/6 mice treated with NAC or saline.
o Quantification of spinal cord-infiltrated neutrophils (n = 5 mice/group).
p, q Immunostaining for Olig2 (red) and CC1 (green) at the lesion epicenter at day 1
post-SCI. r Quantification of mature OLs in the injured spinal cord (n = 5 mice/
group). Data are means (+/−SEM) and statistical significance determined by two-
way ANOVA followed by Bonferroni post-hoc test (a, e, f, i, l, o, r). **p <0.01 (r).
Other pairwise comparisons and p-values are indicated in graphs. All scale
bars: 50 µm.
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cell death was indirectly mediated and involved both astrocytes and
ECs. Last but not least, we revealed that OL loss was effectuated
through the release of ROS by IL-1α-stimulated reactive astrocytes.

IL-1α is a proinflammatory cytokine that contributes to inflam-
mation in various disorders through activation of its cell-surface
receptor, IL-1R153. In addition, IL-1α is ubiquitously expressed as a
precursor protein of about 31 kDa (pro-IL-1α), and is translocated from
the cytoplasm to the cell nucleus under inflammatory conditions,
where it acts as a proinflammatory activator of transcription54,55. Pro-IL-
1α does not require proteolytic cleavage to be activated56, despite the
fact that proteolysis increases its biological potency57. Accordingly, the
rapid release of IL-1α from necrotic cells, but not apoptotic cells fol-
lowing sterile injury to peripheral tissues makes it an ideal DAMP41,58,59.
We recently reported that IL-1α triggers neuroinflammation after SCI
through its production via myeloid cells that either reside in the spinal
cord or infiltrate from the bloodstream in response to injury8. Taking
advantage of Cre-inducible Cx3cr1CreER::R26-TdT and LysM-
eGFP::Cx3cr1CreER::R26-TdT reporter mice, we have extended these
data to show that dead and damaged microglia, but not monocyte-
derived macrophages, are the main source of IL-1α in the early acute
phase of SCI.

It is known that IL-1α canbind to at least three specific cell-surface
receptors, namely IL-1R1, τIL-1R1 and IL-1R246. However, the identity of
the CNS resident cells expressing each type of receptor has been
hampered by the low in situ levels of the proteins, and difficulties
related to the isolation of cell types purely. Although there is no doubt
that IL-1R1 is strongly expressed by CNS ECs and certain types of
neurons as shown by immunofluorescence microscopy20,40, evidence
supporting the expressionof IL-1 receptors inmicroglia, astrocytes,OL
lineage cells, and perivascular macrophages has often been indirect
and linked only to the overall response of these cells to IL-1
treatment60–63. Here, the expression of IL-1R1 was analyzed by immu-
noblotting membrane proteins extracted from specific primary cell
cultures derived from the normal mouse brain. Our immunoblotting
findings confirm that IL-1R1 or τIL-1R1 is expressed by microglia,
astrocytes and OLs, despite our failure to detect this protein by way of
immunofluorescence staining using paraformaldehyde (PFA)-fixed
brain and spinal cord tissue sections.We interpret this tomean that IL-
1R1 is weakly expressed in glial cells. Supporting this, Pinteaux et al.
have previously reported that murine microglial cell cultures express
low levels of IL-1R1 mRNA, but high levels of the decoy IL-1R2, con-
ferring to these cells a high resistance to IL‐1 cytokines64. Our data
showed that IL-1R2 expression (and thus resistance to IL-1α) is dra-
matically increased in microglia following i.c.m. injection of IL-1α,
which may explain why we failed to detect expression of the tran-
scription factor Fos, a marker of cell activity, in microglia after central
administration of IL-1α. In contrast, both astrocytes and mature OLs
demonstrated activation throughout themouse spinal cord as early as
1 h post-injection, pointing to these cells as potential direct or indirect
targets of IL-1α.

We previously found that in mice, IL-1α plays a critical role in SCI.
First, we showed that IL-1R1/MyD88 signaling is essential for the
expression of chemokines CXCL1, CXCL2 and CCL2 by astrocytes and
the subsequent recruitment of neutrophils and proinflammatory
Ly6Chi monocytes at sites of SCI65. Accordingly, deficiency in IL-1α led
to a reduction in the infiltration of innate immune myeloid cells,
reduced lesion volume and improved functional recovery after SCI,
effects that correlated with an increased survival of mature OLs8. Until
now, however, a direct causal effect relationship had yet to be
demonstrated, and the in vivomechanismsunderlying the effects of IL-
1αonOL loss remainedobscure.Ourfindings shed light on these issues
by revealing that IL-1α alone is sufficient in triggering a cascade of
cellular and molecular events leading to the rapid death (within 24h)
of nearly 40% of mature OLs in the mouse spinal cord. Using a diph-
theria toxin (DT) receptor-based strategy to selectively ablate mature

OLs, Oluich et al. demonstrated that a loss of approximately 25% and
40% of mature OLs in the brain and spinal cord, respectively, resulted
in severe clinical dysfunction with an ascending spastic paralysis and
ultimately leading to fatal respiratory impairmentwithin 3weeks of DT
administration66. In this study, no evidence was found that OPCs
compensate for the loss of mature OLs. While two other groups
independently demonstrated that genetically-induceddeathofmature
OLs is associated with severe ataxia and a tremor that correlates with
signs of demyelination, impaired axonal conduction and even some-
times death, they also found that surviving mice recovered from their
neurological deficits and displayed OL replenishment and
remyelination67,68. The replenishment of the OL population was
determined to occur between 5 and 10 weeks following the toxin-
mediated death of mature OLs, followed by complete attenuation of
motor deficits by week 1167. Likewise, targeted laser-induced ablation
of a single mature cortical OL resulted in the emergence of a newly
matured OL with an approximate turnaround of 11 weeks69. This
promptedus to investigate in ourownmodelwhetherOPCsproliferate
and differentiate to replace original OLs, and if so, the timing of this
process. Strikingly, we found that the number of mature OLs returned
to baseline after 3–5 days post-injection of IL-1α. BrdU pulse experi-
ments and Ki67 immunostaining allowed us to confirm both the pro-
liferation of OPCs, and their subsequent differentiation into newly
maturedOlig2+ CC1+ OLs. This rapid turnover is reminiscent of changes
observed in the acutely injured spinal cord, where robust replacement
of mature OLs by OPCs can be seen32,70,71. Although the loss, and
ensuing regeneration of OLs from OPCs is present in cases of SCI and
i.c.m. IL-1α injection, the timing and scale of these responsesmaydiffer
betweenmodels. This may be because the inflammatory response that
develops after SCI is different than after acute central delivery of IL-1α.
Unlike in the IL-1α injection model, SCI results in the formation of a
fibrotic/glial scar that encompasses the primary damage, but simul-
taneously prevents spinal cord repair. Still, whether remyelination
positively impacts locomotor recovery after SCI remains open for
debate72. A better understanding of the mechanisms driving the
replacement of myelin and OL loss would be very beneficial, con-
tributing to the understanding of various other pathological contexts.
Collectively, thesedata suggest that SCI triggers a local response in the
CNS, characterized by the release of alarmins such as IL-1α that in turn
induce the death of mature OLs in the first 24 h. Their rapid replace-
ment afterwards by newly matured OLs may allow for greater effi-
ciency in remyelinating the injured spinal cord.

We discovered that concomitant injection of IL-1α and anakinra,
an IL-1 receptor antagonist, was sufficient to abolish the effects of IL-1α
on neutrophil infiltration and OL death. Accordingly, our data
demonstrated that OLs were protected, and functional recovery
improved in Il1a−/− and Il1r1−/− mice compared to WT mice after SCI.
This prompted us to further investigate the mechanisms behind IL-1α-
mediated OL loss using various cell-specific IL-1R1 restored and
knockout mouse lines. Our in vivo experiments revealed that the
effects of IL-1α on neutrophils and mature OLs are indirect and
mediated through activation of IL-1R1 signaling in CNS ECs and astro-
cytes. The idea that endothelial IL-1R1, but not microglial IL-1R1, is
necessary for mediating the central effects of IL-1β on sickness beha-
vior and leukocyte recruitment was recently proposed by the Quan
laboratory73. Moreover, Liddelow and colleagues recently found that
microglia-derived cytokines, including IL-1α, determine whether
astrocytes will exert toxic or pro-survival effects on differentiated OLs
(but not OPCs) and neurons in culture26. This implies that astrocytic IL-
1R1 may contribute to degeneration in a variety of neurodegenerative
diseases and CNS injuries. Under all activation conditions tested,
microglia alone were found to be insufficient in inducing neuronal
death26. Whether microglia are protective or pathologic remains a
matter of intense debate, and is most likely context-dependent.
Depletion of microglia in mice injected i.c.m. with IL-1α increased
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inflammation and OL loss, an effect that we associated with the pro-
tective overexpression of the decoy IL-1R2 found in microglia. In a
mouse model of contusion SCI, microglia proved to be a key cellular
component of the developing scar that protects neural tissue post-
SCI29. Using a mouse model of ischemic SCI, the neuroprotection
conferred by repeated LPS treatment was partly reversed by specific
deletion of microglial or endothelial IL-1R174.

It is important to keep in mind that despite being a powerful tool
to decipher molecular mechanisms in vivo, Cre-reporter mouse lines
have some limitations, the most important being that recombination
in a specific cell type is often incomplete, particularly in the case of
tamoxifen-inducible CreER mice. This is especially limiting when aim-
ing to knockout a gene of interest in a specific cell type in vivo, rather
than restoring it. As knockouts are only partial, it cannot be deter-
mined with certainty whether the responses observed are due to the
remaining receptors expressed by the targeted cell population, or
those expressed on another cell types. Here, we circumvented part of
this problem by using restored and knockout mouse models along
with primary cell lines, thus ensuring an additional level of confidence
and reproducibility of our results. Using these mouse lines, we
demonstrate that the IL-1α released by injuredmicroglia in SCI triggers
neutrophil recruitment and secondary degenerationofOLs through IL-
1R1 expression in cells forming the neurovascular unit, namely ECs and
astrocytes.

The role of astrocytes in SCI, and more generally in CNS injury
and diseases, has recently been a great topic of discussion27. While
some studies suggest that reactive astrocytes protect the injured
spinal cord via their role in glial scar formation28,75, evidence also
suggests that they may inhibit axonal regeneration and exacerbate
secondary tissue damage76–79. The reality remains that pending the
right conditions of activation and/or given the right molecular cues,
astrocytes may adopt an axon growth-supporting phenotype along
with their contribution to scar formation80. Overall, our results sup-
port the idea that astrocytes are highly adaptable cells that adjust to
their changingmicroenvironment.When activated by IL-1α, we found
that astrocytes produce and release ROS, which in turn induces death
of mature OLs. It must be noted, however, that the secondary injury
cascade occurring after traumatic SCI is complex and includes var-
ious proinflammatory pathways. Our findings regarding the effects of
IL-1α likely apply to the first 24 h after the injury, when the cytokine is
present. Accordingly, treatment of mice with the antioxidant NAC
prevented the loss of OLs induced in cases of i.c.m. delivery of IL-1α
and SCI. The idea that cells of OL lineage are particularly vulnerable
to oxidative damage after CNS injury has been suggested before81.
Some studies have reported improved functional recovery in NAC-
treated rodents after traumatic brain or spinal cord injury82–84. Col-
lectively, these findings suggest that IL-1α-activated astrocytes
release toxic ROS that play a crucial role in secondary degeneration
of OLs after SCI. It must be noted, however, that the secondary injury
cascade occurring after traumatic SCI is complex and likely involves
multiple pathways.

Recently, Liddelow andcolleagues described a subtypeof reactive
astrocytes, termed A1 astrocytes, capable of inducing neurotoxicity26.
More specifically, they found that the supernatant of astrocytes acti-
vated by a cocktail of microglia-derived proteins, namely IL-1α, TNF
and C1q, was sufficient to induce cell death in primary cultures of
neurons and mature OLs, but not OPCs or other CNS cell types. In an
LPSmodel of systemic inflammation, each global knockoutmouse line
for either IL-1α, TNF or C1q showed a significant decrease in the A1
astrocytic response, but only the triple-knockout (Il1a−/− Tnf−/− C1qa−/−)
mice had no sign of astrocyte reactivity. They also found that reactive
astrocytes drive the death of retinal ganglion cells in cases when the
optic nerve is crushed and in the bead occlusion model of glaucoma,
an effect that was prevented in Il1a−/− Tnf−/− C1qa−/− triple knockout
mice85. Since TNF and C1q are also produced at sites of SCI during the

early acute phase86,87, it is possible that the loss ofmatureOLs detected
in our transgenicmousemodelswouldhavebeen further preventedby
targeting these three genes at the same time. In future work, it may be
interesting to validate the relevance of these immune molecules and
their receptors, individually or in combination, in animalmodels of SCI
using cell-specific conditional gene targeting strategies. Likewise, it
will be important to identify other downstreameffectormolecules like
ROS that directly mediate CNS cell toxicity, as the therapeutic efficacy
of targeting a single molecule may be limited in the complex second-
ary damage following CNS injury. Supporting this line of research is a
recent study by Guttenplan et al., revealing that long-chain saturated
lipids partially contribute to astrocyte-mediated toxicity in vivo in the
retinal injury model88.

Aside from reactive astrocytes, another possible source of ROS
could be the innate immune cells infiltrating the spinal cord during the
early acute phase of SCI. Activated neutrophils have long been
recognized to produce large amounts of ROS that may, for example,
increase vascular permeability and incite neutrophil infiltration into
tissues89. Neutrophils have also been suspected to promote neuro-
toxicity through the release of ROS, TNF and proteases90. Of relevance
here is the fact that neutrophils acquire neurotoxic properties fol-
lowing transmigration across the IL-1-stimulated CNS endothelium91.
To definitively answer the question of whether neutrophils have con-
tributed to OL loss in response to central IL-1α delivery, we resorted to
a double antibody-based depletion strategy that enhanced neutrophil
elimination via anti-Ly6G50, a finding that we confirmed both in the
blood and in SCI tissue using Ly6gCre-TdT::R26-TdT reporter mice.
Another key finding in our study shows that neutrophils are not
implicated in the OL loss observed after i.c.m. injection of IL-1α. Fur-
ther supporting this statement is our discovery that restoring IL-1R1
expression in astrocytes of IL-1α-injected GfapCre::Il1r1r/r mice restored
OL cell death comparable to WT levels, yet did not restore the infil-
tration of neutrophils. Taken together with our previous work, this
study suggests that endothelial IL-1R1 signaling is required for neu-
trophil recruitment in the spinal cord under sterile inflammatory
conditions, but that these innate immune cells do not contribute toOL
loss in the context of neuroinflammation. Instead, astrocytes and CNS
ECs appear to drive OL cell death via an IL-1R1-dependent release of
ROS in the first 24 h, and other pathways that have yet to be identified
in the post-acute phase.

SCI generates an extensive activation of several proin-
flammatory pathways, many of which do not resolve over the course
of the pathology92. The administration of IL-1α i.c.m. allowed us to
study the effects of this alarmin in the spinal cord, and to replicate
histopathological markers up to 24 h after the injection, which is
when this cytokine is present. Although this model is appropriate for
studying the function of IL-1α, the administration of a single dose of
this cytokine is not enough to replicate the chronicity and com-
plexity of inflammation and the physical outcomes present in SCI.
Future investigations will be necessary to know the effects of the IL-
1α/IL-1R1 pathway in later stages of SCI, along with its role in injury
when other complementary DAMPs and inflammatory pathways are
triggered.

In summary, our results show that the alarmin IL-1α produced by
damaged microglia drives neuroinflammation and OL loss after SCI.
These responses aremediated inpart through activationof endothelial
and astrocytic IL-1R1 signaling, resulting in the release of toxic ROS. IL-
1α inhibition may therefore prove to be a valuable strategy in pre-
venting secondary degeneration after SCI.

Methods
Mice
A total of 571 mice of both sexes were used in this study. Male and/or
female C57BL/6mice were purchased from Charles River Laboratories
or The Jackson Laboratory (JAX) at 8–10 weeks of age. Cx3cr1CreER mice
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were obtained from the European Mouse Mutant Archive, with prior
authorization from Dr. Steffen Jung (Rehovot, Israel), and genotyped
as described93. Breeders for Rosa26-tdTomato (R26-TdT, also known as
Ai9, stock #00790594), PdgfraCreER (stock #01828095), GfapCre (stock
#02409896), and Il1r1fl/fl (stock #02839897) mice were all purchased
from JAX. LysM-eGFP knock-in mice were obtained from Dr. Gregory
Dekaban (Robarts Institute, London, ON, Canada), with prior consent
of Dr. ThomasGraf (Center for GenomicRegulation, Barcelona, Spain).
Cdh5CreER mice (line #13073), in which the tamoxifen-inducible Cre
recombinase is active in all ECs, were purchased from the Cancer
Research Technology Repository at Taconic with prior consent of the
creator of themouse line98, Dr. Ralf Adams (LondonResearch Institute,
UK). Il1r1r/r mice were obtained from Dr. Ning Quan47. Ly6gCre-TdT mice
were provided by Dr. Matthias Gunzer (University of Duisburg-Essen,
Essen, Germany) and are described in detail elsewhere99. Cx3cr1CreER,
PdgfraCreER, GfapCre, Cdh5CreER and Ly6gCre-TdT mice were bred in-house
and crossed with LysM-eGFP, R26-TdT, Il1r1r/r or Il1r1fl/fl mice at the
Animal Facility of the Center de recherche du Center hospitalier uni-
versitaire (CRCHU) de Québec–Université Laval. Wild-type littermates
generated from heterozygous matings were used as controls. Mice
were housed in individually ventilated cages on racks connected to a
central HEPA filtered air supply (30–70 air changes per hour). All ani-
mals were kept in a standard 12-h light-dark cycle and had free access
to food and water at all times. Room temperature was maintained at
23 ± 2 °C with a relative humidity of 50 ± 5%. All animal procedures
were approved by the Comité de protection des animaux de l’Université
Laval (protocols #CHU-20-675 and #CHU-21-860) and conducted in
compliance with relevant ethical regulations and guidelines of the
Canadian Council on Animal Care.

Tamoxifen treatment
To induce Cre-mediated recombination in Cx3cr1CreER::R26-TdT,
Cx3cr1CreER::Il1r1r/r, Cdh5CreER::Il1r1r/r, and Cdh5CreER::Il1r1fl/fl mouse lines,
mice were treated orally with 10mg of tamoxifen (dissolved in 1:10
ethanol/corn oil) twice at 2-day intervals starting at postnatal days (P)
30–32. To induce recombination in PdgfraCreER::Il1r1r/r mice, animals
were treated intraperitoneally with 2mg of tamoxifen twice at 2-day
intervals starting at P12–14.

Spinal cord injury (SCI)
Mice were anesthetized with isoflurane and underwent a laminectomy
at vertebral level T9–10, which corresponds to spinal segment T10–11.
Briefly, the vertebral columnwas stabilized and a contusion of 50kdyn
was performed using the Infinite Horizon SCI device (Precision Sys-
tems& Instrumentation). Overlyingmuscular layers were then sutured
and cutaneous layers stapled. Post-operatively, animals received
manual bladder evacuation twice daily to prevent urinary tract
infections.

Behavioral analysis
Recovery of locomotor function after SCI was quantified in an open
field using the BMS, according to the method developed by Basso and
colleagues100. All groups of mice exhibited similar parameters in terms
of impact force and spinal cord tissue displacement prior to BMS
testing. All behavioral analyses were done blind with respect to the
identity of the animals.

Intra-cisterna magna injections
Mice were injected i.c.m. with either rmIL-1α (doses ranging from 20
to 100 ng/µL diluted in PBS, 5 µL injected per mouse, Peprotech cat-
alog #211-11 A), rmIL-1β (20 to 100 ng/µL diluted in PBS, 5 µL/mouse,
Peprotech catalog #211-11B), anakinra (also known as Kineret®,
100 µg/µL, 5 µL/mouse) or PBS (5 µL/mouse). The i.c.m. treatment
consisted of a single injection using a pulled-glass micropipette
connected to a 10-µL Hamilton syringe.

Bromodeoxyuridine injections
To label proliferating cells, mice were intraperitoneally injected once
daily with BrdU (50mg/kg of body weight in 0.9% saline) for 3 con-
secutive days, starting on day 1 post-i.c.m. injection of either IL-1α or
PBS. The third and final injection was performed 4 h prior to sacrifice.

Microglia depletion
To eliminate microglia, mice were fed PLX-5622, a CSF1R inhibitor pro-
vided by Plexxikon and formulated at a dose of 1200mg/kg in AIN-76A
chow from Research Diets Inc., for 3 weeks before experimentation.

Neutrophil depletion
Neutrophils were depleted through repeated i.p. injections of rat anti-
mouse Ly6G antibody (50 µg, clone 1A8, BioXCell, BE0075-1) and
mouse anti-rat IgG2a (50 µg, clone MAR 18.5, BioXCell, BE0122), using
an adaptation of the depletion strategy proposed by ref. 50. Rat IgG2a
isotype (50 µg, clone 2A3, BioXCell, BE0089) and PBS served as con-
trols. Mice were injected with 100 µl of antibody at 0.5 µg/µl or saline,
according to the regimen protocol described in Fig. 9a.

In vivo inhibition of ROS production
Mice received 4 intraperitoneal injections of saline or NAC (150mg/kg)
at 12 h before, 1 h before, 12 h after and 24 h after i.c.m. injection of
either PBS or rmIL-1α. A similar dose and regimen of NAC (or saline)
was given to SCI mice. Tissue was collected at 24 h post-i.c.m. injec-
tion/SCI for subsequent immunohistological analysis.

Tissue processing
Mice were overdosed with a mixture of ketamine (400mg/kg) and
xylazine (40mg/kg) and transcardially perfusedwith 1% PFA, pH 7.4, in
PBS. Spinal cords were extracted from vertebral columns, post-fixed
for an additional 48 h in 1% PFA at 4 °C, and then transferred into
PBS + 20% sucrose for at least 24 h before tissue sectioning. For
experiments involving cytokine injection i.c.m., spinal cords were
blocked into 4-mm segments, corresponding to the upper cervical,
mid-thoracic and upper lumbar levels. For SCI experiments, a spinal
cord segment of 12mm centered over the lesion site was divided in
three equal segments (i.e., epicenter, rostral, and caudal segments), as
before87. Thus for each animal, a total of three spinal cord segments
were embedded in Shandon™ M-1 Embedding Matrix (Thermo Fisher
Scientific) with tissue sections cut at a thickness of 14 µm using a
cryostat (model CM3050S; Leica Biosystems). All sections were col-
lected directly onto Surgipath X-tra® slides having a permanent posi-
tive charged surface (LeicaMicrosystemsCanada) and stored at−20 °C
until use.

Immunostaining and quantification
Immunofluorescence labeling was performed according to our pre-
viously published method87. Primary antibodies used in this study
come from the following sources (catalog numbers in parentheses)
and were used at the indicated dilutions: rat anti-BrdU (1:1000, clone
BU1/75 [ICR1], Abcam, ab6326), rat anti-C3 (1:100, clone 11H9, Abcam,
ab11862), mouse anti-CC1 (1:1000, clone CC1, Abcam, ab16794), rat
anti-CD11b (1:250, clone 5C6, AbD Serotec, MCA711), rabbit anti-c-Fos
(1:500, clone 9F6, Cell signaling, #2250),mouse anti-GalC (1:800, clone
mGalC, Millipore, MAB342), goat anti-Iba1 (1:1500, Novus Biologicals,
NB100-1028), goat anti-IL-1α (1:100 dilution, R&D Systems, AF-400-
NA), rabbit anti-Ki67 (1:200, Abcam, ab15580), rabbit anti-laminin
(1:1000, Dako, Z0097), rat anti-Ly6G (1:2000, clone 1A8, BD Bios-
ciences, #551459), mouse anti-NeuN (1:250, clone A60, Millipore,
MAB377), rabbit anti-NG2 (1:100, Millipore, Ab5320), rat anti-NG2
(1:200, clone 546930, R&D Systems,MAB6689),mouse anti-O4 (1:400,
clone O4, R&D Systems, MAB1326), goat anti-Olig2 (1:400, R&D Sys-
tems, AF2418), rabbit anti-P2ry12 (1:500, AnaSpec, AS-55043A), goat
anti-Sox9 (1:250, R&D Systems, AF3075), and rabbit anti-Sox9 (1:1000,
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Millipore, AB5535). For Ki67 immunofluorescence, antigen retrieval
was performed using a sodium citrate buffer at 95 °C for 5min. For
BrdU, tissue sections were treated with HCl (2.0N) for 30min at 37 °C
followed by 0.1M sodium borate (pH 8.5) for 10min at room tem-
perature. Primary antibodies were visualized with the appropriate
Alexa Fluor®-conjugated secondary antibodies from Thermo Fisher
Scientific (1:250 dilution). DAPI (1 µg/ml, Thermo Fisher Scientific) was
used for nuclear counterstaining. Sections were imaged on a Zeiss
LSM800 confocal microscope system equipped with 405, 488, 561,
and 640nm lasers. Confocal images were acquired and mosaics cre-
ated using the Zen Blue Edition software (v. 2.3, Carl Zeiss). For high
resolution images, the Zeiss Airyscan module was used.

All stereological countswereperformedusing the BIOQUANT Life
Science software (v. 18.5, Bioquant Image Analysis Corporation). The
total number of IL-1α-expressing cells and IL-1α-expressing microglia
(TdT+) per cross section was counted at 20× magnification using
mosaics created from 6–12 overlapping confocal images. For the
quantification of activated glial cells (Fos+Sox9+ or Fos+Olig2+CC1+ or
Fos+Iba1+) and neurons (Fos+NeuN+), OLs (Olig2+CC1+ or Olig2+NG2+

BrdU+ orOlig2+Ki67+) and reactive inflammatoryastrocytes (Sox9+C3+),
the total number of immunolabeled cells in the spinal cord white
matter (for glial cells) or gray matter (for neurons) per cross section
was counted at 20×, 40× and 20× magnification, respectively. For the
quantification of neutrophils, the total number of Ly6G+ or Ly6GTdT+

cells in the spinal cord blood vessels or parenchyma, delineated using
pan-laminin immunostaining, was counted at 20× magnification in the
entire spinal cord cross section. Only immunolabeled cells with aDAPI-
stained nucleus were counted, and results were presented as the total
number of immunolabeled cells per mm². All quantifications were
done blind with respect to the identity of the animals.

Isolation of specific CNS cell types
OPCs and late OL progenitors (pro-OLs). OPCs were isolated from
the neonatal (P7–P9) mouse brain to perform cell culture studies,
whereas pro-OLs were isolated from adult brains (6–8 weeks old
mice) to assess the efficiency of Cre-mediated recombination. Mouse
pups were anesthetized on ice and sacrificed by decapitation
according to institutional guidelines. Adult mice were anesthetized
and perfused intracardially with ice cold Hanks’ balanced salt solu-
tion (HBSS) without Ca2+/Mg2+ to remove blood from the vasculature.
Brains were extracted and cerebral cortices dissected and diced into
small pieces, which were then incubated in a mixture of papain
(0.9mg/mL), cysteine (0.2mg/mL) and DNase I (39 U/ml) at 37 °C for
20min on an orbital shaker. The digestion was stopped by adding a
trypsin inhibitor with a final concentration of 5mg/mL, and the tissue
was dissociated into a single-cell suspension by gentle mechanical
trituration. OPCs and pro-OLs were isolated by immunopanning at
room temperature using antibodies directed against PDGFRα (also
known as CD140a; 1:300 dilution, clone APA5, BD Biosciences,
#558774) and O4 (1:300, clone O4, R&D Systems, MAB1326) cell
surface markers, respectively, following the methods of Emery and
Dugas101.

Microglia. Microglia were isolated from the adult mouse spinal cord
at 8 weeks of age to determine the efficiency of Cre-mediated
recombination or to assess gene expression by qRT-PCR. To sum up,
mice were transcardially perfused with cold HBSS (without Ca2+/
Mg2+) to remove immune cells from the vasculature, and their
spinal cords were dissected out and gently mechanically homo-
genized on ice. Cells were next filtered through a 70-µm nylon mesh
cell strainer (BD Biosciences), fractionated using 37–70%
Percoll density gradient centrifugation and microglia-enriched frac-
tions purified by cell sorting according to the methods and cell
surface markers described below, and the gating strategy described
in Supplementary Fig. 8.

Endothelial cells (ECs). ECs were isolated from the brain capillaries of
mice aged 6–8 weeks. In brief, mouse brain tissue that was free of
meninges was minced, homogenized and digested in a mixture of
0.7mg/ml collagenase type II and 39U/ml DNase I in Dulbecco’s
Modified Eagle Medium (DMEM) for 75min at 37 °C. Myelin was
removed by centrifugation at 1000g for 20min in 20% BSA-DMEM.
The cell pellet was then incubated for another h at 37 °Cwith amixture
of 1mg/ml collagenase-dispase and 39U/ml DNAse I in DMEM.
Microvascular ECs were separated on a 33% continuous Percoll
gradient.

Astrocytes. To assess the efficiency of Cre-mediated recombination in
astrocytes, astrocytes were isolated from the brain of adult mice using
the semi-automated gentleMACS™ Octo Dissociator with Heaters, the
Adult Brain Dissociation Kit and the Anti-ACSA-2 MicroBead Kit,
according to the standardized methods and protocols developed by
Miltenyi Biotec. Astrocytes were further enriched by cell sorting using
the APC-conjugated anti-mouse ACSA-2 (1:50, clone REA969, Miltenyi
Biotec, 130-116-245) and Alexa 488-conjugated mouse anti-
Oligodendrocyte Marker O4 (1:50, clone O4, R&D Systems,
FAB1326G) antibodies, according to the gating strategy described in
Supplementary Fig. 8.

Primary cell culture
Oligodendrocytes. OPCs were seeded in poly-L-lysine-coated cell
cultureplates in the presenceofDMEM-Sato BaseGrowthMediumand
their proliferation was induced by adding platelet-derived growth
factor-AA (PDGF-AA,10 ng/mL) and basic fibroblast growth factor
(bFGF, 20 ng/mL) in the absence of the T3 thyroid hormone, following
a protocol adapted from Haines and colleagues102. Once a sufficient
number was reached, OPCs were differentiated into mature OLs by
adding the T3 hormone to the DMEM-Sato Base Growth Medium, in
the absence of PDGF and bFGF. The differentiation of OPCs into
mature OLs was confirmed by immunostaining against the O4 marker
and assessed according to cell morphology.

Endothelial cells. Primary brain microvascular endothelial cells
(BMECs) were plated on culture dishes coated with 10μg/ml collagen
type IV and 5mg/ml gelatin and cultured in DMEM supplemented with
20% FBS, 1 ng/mL basic fibroblast growth factor, 100 µg/mL heparin,
1.4 µM hydrocortisone with antibiotics and antimycotics. Medium was
supplemented with puromycin (10 µg/mL) for the first 2 days of cul-
ture, after which the concentration was adjusted to 4 µg/mL.

Astrocytes. Astrocytes were isolated from the cortex of P0-P2 mouse
pups, as described by Schildge and colleagues103, and used from pas-
sages 3 to 4. In summary, meninges were removed and the cortex
isolated, minced and incubated for 40min in a collagenase IV solution
(750U/mL) at 37 °C under occasional agitation. The suspension was
centrifuged, resuspended in complete DMEM supplemented with 10%
FBS, dissociated into a single-cell-suspension and then seeded in T75
flasks coated with poly-D-lysine in a 37 °C, 5% CO2 humidified incu-
bator. After 7–8 days, cells were agitated on an orbital shaker at 37 °C
at 180 rpm for 30min to removemicroglia. Mediumwas removed and
replaced by fresh medium. Cells were again agitated at 37 °C at
240 rpm for 6 h to removeOPCs.Mediumwas removed and astrocytes
were collected by trypsinization. Astrocytes were grown in complete
DMEM either in 6-well plates (to generate astrocytes-conditioned
medium, ACM) or directly into 96-well plates (for the ROS assay)
coatedwith poly-L-lysine (0.1mg/ml) at a density of 200,000 cells/well
or 20,000 cells/well, respectively.

Automated blood cell count, flow cytometry and cell sorting
Mice were overdosed with a mixture of ketamine-xylazine and their
blood collected via cardiac puncture using a 22-gauge heparinized
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syringe. Blood samples were immediately transferred into EDTA-
coated microtubes (Sarstedt) and put on slow rotation at 5 rpm (using
the Mini LabRollerTM Rotator) until processing was complete. Auto-
mated complete blood cell count was performed using the Scil Vet abc
Plus+TM Analyzer (Scil Animal Care Company) following manu-
facturer’s instructions. For flow cytometry, red blood cells were lysed
and the remaining cells incubated with Mouse Fc Block (i.e., purified
anti-mouse CD16/CD32; clone 2.4G2, BD Biosciences, #553141) for
15min at 4 °C to prevent nonspecific binding. Multicolor labeling was
then performed using the LIVE/DEAD™ Fixable Yellow Dead Cell Stain
Kit (Thermo Fisher Scientific) and the following fluorescently-
conjugated primary antibodies (all from BD Biosciences): PerCP-
conjugated anti-CD45 (1:50dilution, clone 30-F11, #557235), Alexa 700-
conjugated anti-CD11b (1:50, clone M1/70, #557960), and BD Hor-
izonTM V450-conjugated anti-Ly6C (1:83, clone AL-21, #56094). Data
were acquired on a LSRII flow cytometer (BD Biosciences) using
FACSDiva software (v. 6.1.3, BD Biosciences), and further analyzed
using FlowJo software (v. 9.2, Tree Star Inc.).

For the purification of microglia required for DNA and mRNA
analyses via quantitative real-time PCR (qPCR) and RT-PCR (qRT-PCR),
respectively, microglia were isolated from the adult spinal cord as
described above and then sorted using a BD FACSAria II (BD Bios-
ciences). The following primary antibodies were used (all from BD
Biosciences): PerCP-conjugated anti-CD45 (1:50 dilution, clone 30-F11,
#557235), Alexa 700-conjugated anti-CD11b (1:50, clone M1/70,
#557960), FITC-conjugated anti-Ly6C (1:83, clone AL-21, #553104), and
PE-Cy7-conjugated anti-Ly6G (1:50, clone 1A8, #560601). Microglia
were identified as CD45int CD11b+ Ly6C– Ly6G– cells.

Assessment of Cre-mediated recombination using qPCR
Genomic DNAwas extracted frompro-OLs,microglia, ECs or astrocytes
isolated from the mouse CNS using the GenElute Mammalian Genomic
DNA Miniprep Kit (Sigma-Aldrich Canada Ltd.), according to the man-
ufacturer’s instructions. The following primers were used to determine
the extent of Cre-mediated deletion of the inserted sequence, which
contained a neocassette (Neo) and other interfering elements (flanked
by loxP sites) causing disruption of Il1r1 gene expression, and whose
deletion restored the normal coding frame of the Il1r1 gene in Il1r1r/r

mice crossed with cell-specific Cre mice: Neo, 5’-gcttgggtggagaggcta
ttc-3’ and 5’-gcctcgtcttgcagttcattca-3’ and Il1r1 (intron 7), 5’-gcccttttc
ttacattctatttggtgc-3’ and 5’-caagaaggagttaaccgggacatc-3’. Primers
designed to amplify intron 7 of the Il1r1 gene were used to normalize
gene expression between animals. To determine the extent of deletion
of the floxed Il1r1 alleles in Cdh5CreER::Il1r1fl/fl and GfapCre::Il1r1fl/fl mice,
qPCR amplificationwas conducted using primers spanning intron 2 and
exon 3 of the Il1r1 gene: Il1r1 (intron 2-exon 3), 5’-cattgcttctcctttc
tctcttttaa-3’ and 5’-gccgtgcattttatttggagta-3’. As above, intron 7 was
amplified to normalize data. The sequences chosen were selected to
match only the intended gene using the GeneTool software (v. 2.0,
BioTools Inc.), and verified byBLAST analysis in GenBank. Amplification
was performed using reagents of the KAPA SYBR ® FAST qPCR Master
Mix Kit (Kapa Biosystems Ltd.) optimized for the LightCycler 480
(Roche Diagnostics), and by following these conditions for PCR reac-
tions: 45 cycles, denaturation at 95 °C for 30 s, annealing/elongation
and reading at either 62 °C (for amplification of the Neo sequence) or
58 °C (intron 2-exon 3 of themouse Il1r1 gene) for 30 s. Amelting curve
was performed to assess non-specific signal. Fold change relative to the
WT group was calculated using the delta-delta Ct method. Quantitative
real-time PCR measurements were performed by the CRCHU de
Québec–Université Laval Gene ExpressionPlatformandwere compliant
with MIQE guidelines.

Assessment of gene expression using real time qRT-PCR
FACS-isolated spinal cord microglia were homogenized using Qiazol
Lysis Reagent (Qiagen) and total RNA extracted using the miRNeasy

Micro Kit On-column DNase (Qiagen), following the manufacturer’s
instructions. The quantity of total RNA was measured using a Nano-
Drop ND-1000 Spectrophotometer (NanoDrop Technologies). First-
strand cDNA synthesis was accomplished using 0.1–0.2 µg of isolated
RNA in a reaction containing 200U of Superscript IV RNase H-RT
(Thermo Fisher Scientific), 300ng of oligo-dT18, 50ng of random
hexamers, 50mM Tris-HCl pH 8.3, 75mM KCl, 3mM MgCl2, 500 µM
deoxynucleotides triphosphate, 5mM dithiothreitol, and 40U of
Protector RNase Inhibitor (Roche Diagnostics) in a final volume of
50 µl. The reaction was incubated at 25 °C for 10min and then at 50 °C
for 20min, followed by inactivation by incubation at 80 °C for 10min.
A PCR Purification Kit (Qiagen) was used to purify cDNA. cDNA cor-
responding to 10–18 ng of total RNA was used to perform fluorescent-
based real-time PCR quantification using the LightCycler 480 (Roche
Diagnostics). Reagents of the KAPA SYBR ® FAST qPCR Master Mix Kit
(Kapa Biosystems Ltd.) optimized for the LightCycler 480were used as
described by the manufacturer. The primer pairs were: Il1r2, 5’-
gagaccccacacgcctattga-3’ and 5’-ggttccgtggttgttcctttga-3’ and Gapdh,
5’-ggctgcccagaacatcatccct-3’ and 5’-atgcctgcttcaccaccttcttg-3’. Once
again, primer pairs were designed using the GeneTool 2.0 software
(Biotools Inc.) and their specificity verified by blast in the GenBank
database. The conditions for PCR reactions were: 45 cycles, dena-
turation at 95 °C for 30 s, annealing/elongation and reading at 60 °C
for 30 s. A melting curve was performed to assess non-specific signal.
Relative quantity was calculated using the delta Ct method. Normal-
ization was performed with the delta-delta Ct method using the PBS
group and theGapdh genewas used as a reference. Real time qRT-PCR
measurements were performed by the CRCHU de Québec–Université
Laval Gene Expression Platform and were compliant with MIQE
guidelines.

Multiplex cytokine assay
The concentrations of 32 plasma cytokines and chemokines were
measured using the Mouse Cytokine 32-Plex Discovery Assay, a mul-
tiplex laser bead assay from Eve Technologies. Blood samples were
collected and prepared according to the manufacturer’s instructions,
and then shipped to Eve Technologies for cytokines and chemokines
measurement.

Immunoblotting analysis
For protein extraction, cells were washed twice with ice cold PBS and
then incubated in ice cold RIPA lysis buffer (100 µL for 1 × 106 cells;
20mM Tris-HCl pH 8.0, 2mM EDTA, 10mM EGTA, 1% Triton X-100)
containing Protease and Phosphatase Inhibitor Cocktail (Sigma-
Aldrich Canada Ltd.). Cells were scraped off the plate and the lysate
immediately transferred to a microcentrifuge tube on ice. Homo-
genates were sonicated and incubated for 20min at 4 °C under rota-
tion to complete cell lysis. Tubes were centrifuged at 13,000g for
20min at 4 °C and the supernatant collected into new microtubes.
Protein levels were determined using the BCA Protein Assay Kit
(Sigma-Aldrich Canada Ltd.).

For quantification of protein levels, 3 to 10 µg of proteins were
boiled and electrophoresed on SDS-acrylamide gel, followed by blot-
ting on PVDF or nitrocellulose membranes (PerkinElmer). Membranes
were blocked for 1 h with 5% dry milk in TBST buffer (50mM Tris-HCl
pH 8.0, 150mMNaCl, 0.05% Tween-20) and then incubated overnight
in 5% milk/TBST solution containing primary antibody. The following
antibodies were used: mouse anti-actin (1:75000, clone C4, EMD Mil-
lipore, MAB1501), rabbit anti-GFAP (1:8000, Agilent Technologies
(Dako), Z0334), and goat anti-IL-1R1 (1:1500, R&D Systems, AF-771).
Membranes were incubated with secondary antibodies conjugated to
horseradish peroxidase (1:2500, Vector Laboratories) and cross-
reactive bands visualized by chemiluminescence (PerkinElmer).
Uncropped and unprocessed scans of immunoblots are shown in
Supplementary Fig. 9.
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Intravital imaging of BSCB permeability
Intravital fluorescence videomicroscopy was used to determine whe-
ther central deliveryof IL-1α i.c.m. affects the permeability of theBSCB.
Animals were anesthetized with 1–2% isoflurane (vol/vol) and a lami-
nectomy performed to expose the thoracic spinal cord at the level of
the intersection between the dorsal spinal vein and the rostral radi-
culomedullary vessel, as illustrated elsewhere104. Mice were then
transferred to a custom-made stabilization device adapted for intra-
vital imaging of the mouse spinal cord (described in ref. 105) and body
temperature maintained at 37 °C using a temperature controlling
device (RWDLife ScienceCo.). Labeling of bloodwasachieved through
tail vein injection of a 40-kDa dextran-Texas red fluorescent tracer
(1.25% wt/vol in sterile PBS, Life Technologies) 30min prior to the
imaging session. The thoracic spinal cord region tobe imagedwas next
placed under the 20× objective and Gel-Seal (GE Healthcare) carefully
applied on the bone surrounding the laminectomy to create a water-
tight cavity. All images were acquired on a custom-made BLIQ Photo-
nics upright microscope coupled with an OptoSplit II LS image splitter
to enable the simultaneous and separate visualization of GFP (Ex 480/
20 nm, BS 495 nm, Em 510/20 nm) and/or RFP (Ex 580/25 nm, BS
600 nm, Em 625/30 nm). The microscope is equipped with a Lumen-
300 LED light source (Prior Scientific), TTL triggering, a high-speed
sCMOS camera (Orca Flash V2, Hamamatsu) and controlled by the
Nirvana software (v. 1.9.4, Bliq Photonics). Toquantify the presence (or
absence) of the fluorescent tracer inside the spinal cord parenchyma,
the maximum fluorescence intensity (FMax) of Texas Red was first
measured in the spinal cord parenchymal tissue, the average tissue
background subtracted, and the resulting value divided by the FMax
measured in the surrounding blood vessel minus the background
signal. Quantitative analysis was performed using ImageJ (v. 1.44o,
Wayne Rasband, NIH). Data are presented as a ratio between the FMax
ofTexasRed in the spinal cordparenchymaversus in thebloodvessels.

Detection of ROS in vitro
Production of ROS was assessed in living cells by using the fluorogenic
probe CellROX® Green Reagent (Thermo Fisher Scientific), a cell-
permeable dye that is non-fluorescent in a reduced state, but upon
oxidation exhibits strong fluorescent signal with excitation/emission
maxima of ∼485/520 nm. Primary astrocytes, seeded in 96-well plates
at 20,000 cells/well, were exposed to vehicle or rmIL-1α (10 ng/mL) for
various time points ranging from 0–24 h. Cells were loaded with 5 µM
CellROX® Green Reagent and 1 µg/ml Hoechst 33342 for nuclear
counterstain for 30min and then rinsed three times with PBS and
finally fixed with PFA 4% for 15min at room temperature. Imaging was
then performed using the EVOS® FL Auto Imaging System (Thermo
Fisher Scientific) and further analysed with Image J.

In vitro cytotoxic assay
To study the effect of conditioned medium derived from astrocytes or
ECs stimulated with either IL-1α or PBS on the survival of mature OLs,
cell viability was measured using the Pierce Lactate Dehydrogenase
(LDH) Cytotoxicity Assay Kit (Thermo Fisher Scientific), according to
themanufacturer’s instructions. In brief, primary astrocyteswere plated
in 6-well plates at a density of 100,000 cells/well and treatedwith either
rmIL-1α (10 ng/mL) or PBS. Following a 24-h incubation period, the
conditioned medium was removed and immediately transferred onto
mature OLs plated at a density of 20,000 cells/well in 96-well plates for
24 h. The LDH reaction mixture was then added to the culture medium
for 30min at room temperature, and the reactions stopped and
absorbancesmeasured at 490nmand680nm (background signal from
the instrument) using the SpectraMax i3 (Molecular Devices).

Statistical analysis
Statistical evaluations were performed using the Student’s t-test or
one- or two-way ANOVA or repeated-measures ANOVA where

appropriate. The multiple comparisons adjustment was made using
the Bonferroni correction. A Pearson’s correlationwas used to assess if
therewas an association between the infiltrationof neutrophils andOL
loss. All statistical analyses were performed using the GraphPad Prism
software (v.9.4.1, GraphPad Software Inc.). A p <0.05 was considered
as statistically significant. All data in graphs are expressed as
means ± SEM.

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

Data availability
Raw image data can be obtained from the corresponding author upon
reasonable request. Requests will be treated within 2 weeks. All other
source data are provided with this paper as a Source Data file available
in Supplementary Information. Source data are provided with
this paper.
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