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Serial Systemic Injections of Endotoxin (LPS) Elicit
Neuroprotective Spinal Cord Microglia through IL-1-
Dependent Cross Talk with Endothelial Cells
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Microglia are dynamic immunosurveillance cells in the CNS. Whether microglia are protective or pathologic is context dependent; the
outcome varies as a function of time relative to the stimulus, activation state of neighboring cells in the microenvironment or within
progression of a particular disease. Although brain microglia can be “primed” using bacterial lipopolysaccharide (LPS)/endotoxin, it is
unknown whether LPS delivered systemically can also induce neuroprotective microglia in the spinal cord. Here, we show that serial
systemic injections of LPS (1mg/kg, i.p., daily) for 4 consecutive days (LPSx4) consistently elicit a reactive spinal cord microglia
response marked by dramatic morphologic changes, increased production of IL-1, and enhanced proliferation without triggering leu-
kocyte recruitment or overt neuropathology. Following LPSx4, reactive microglia frequently contact spinal cord endothelial cells.
Targeted ablation or selective expression of IL-1 and IL-1 receptor (IL-1R) in either microglia or endothelia reveal that IL-1-dependent
signaling between these cells mediates microglia activation. Using a mouse model of ischemic spinal cord injury in male and female
mice, we show that preoperative LPSx4 provides complete protection from ischemia-induced neuron loss and hindlimb paralysis.
Neuroprotection is partly reversed by either pharmacological elimination of microglia or selective removal of IL-1R in microglia or
endothelia. These data indicate that spinal cord microglia are amenable to therapeutic reprogramming via systemic manipulation and
that this potential can be harnessed to protect the spinal cord from injury.
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Significance Statement

Data in this report indicate that a neuroprotective spinal cord microglia response can be triggered by daily systemic injections
of LPS over a period of 4 d (LPSx4). The LPSx4 regimen induces morphologic transformation and enhances proliferation of
spinal cord microglia without causing neuropathology. Using advanced transgenic mouse technology, we show that IL-1-de-
pendent microglia–endothelia cross talk is necessary for eliciting this spinal cord microglia phenotype and also for conferring
optimal protection to spinal motor neurons from ischemic spinal cord injury (ISCI). Collectively, these novel data show that
it is possible to consistently elicit spinal cord microglia via systemic delivery of inflammogens to achieve a therapeutically
effective neuroprotective response against ISCI.
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Introduction
Microglia are tissue-resident macrophages that play an essential
role in regulating CNS homeostasis. When homeostasis is disrupted
(e.g., injury, disease), the integration of temporally and spatially re-
stricted microenvironmental cues by microglia produces phenotypi-
cally and functionally heterogeneous cell populations that can
positively or negatively affect neuroinflammation, neuron survival,
axon plasticity and growth, remyelination, and glial activation
(Nimmerjahn et al., 2005; Gensel et al., 2015; Szalay et al., 2016;
Keren-Shaul et al., 2017; Krasemann et al., 2017; Bellver-Landete et
al., 2019; Lloyd et al., 2019). Since microglia comprise ;10% of all
CNS cells and are ubiquitous throughout the CNS parenchyma
(Lawson et al., 1990), it would be advantageous if the benefits of re-
active microglia could be enhanced to promote neuroprotection or
plasticity and repair but without also provoking inflammatory
pathology.

Activating microglia in this context is challenging since most
forms of CNS injury or disease that activate microglia also cause
overt tissue damage, often with loss of function. An exception to
this rule may be the neuroactive effects of systemic lipopolysac-
charide (LPS). Indeed, systemic LPS can activate brain microglia
without causing overt damage to the CNS (Breder et al., 1994;
Qin et al., 2007). Circulating LPS signals to the brain through cir-
cumventricular organs and then activates microglia by binding
to CD14 and toll-like receptor (TLR4; Lacroix et al., 1998; Chen
et al., 2012). TLR4 is a highly conserved pattern recognition re-
ceptor that activates nuclear factor-kB (NF-kB) signaling and
synthesis of IL-1, IL-6, TNF, IL-18, and IL-12 (Zhang and
Ghosh, 2001). Activating this neuroinflammatory response in
microglia can be destructive (Godbout et al., 2005; Qin et al.,
2007); but when delivered at low doses, LPS can protect the brain
from injury (Ahmed et al., 2000; Marsh et al., 2009a; Hickey et
al., 2011; Stevens et al., 2011; Chen et al., 2012; Yang et al., 2014;
Wendeln et al., 2018). Whether systemic LPS elicits a protective
or destructive microglia phenotype is determined by the dose
and timing of LPS administration (Hoogland et al., 2015; Torres-
Espín et al., 2018).

Intuitively, the spinal cord could be considered the morphologic
extension of the brain; however, anatomic, molecular, and func-
tional differences exist between these discrete CNS regions that may
leave spinal neurons more vulnerable than brain neurons to
immune-mediated damage (Zhang et al., 2014b). For example,
compared with the blood–brain barrier, the blood–spinal cord bar-
rier (BSCB) is more permeable, perhaps because of higher basal
expression of transporter molecules (e.g., P-glycoprotein) and
decreased expression of tight- and adhesion-junction proteins on
spinal cord endothelia (e.g., occludins, cadherins; Bartanusz et al.,
2011; Zhang and Gensel, 2014). These molecular differences likely
explain why the magnitude of neuroinflammation in the injured
spinal cord is greater than in the injured brain (Schnell et al., 1999a,
b; Batchelor et al., 2008; Zhang and Gensel, 2014). Differences in
metabolic activity of spinal motor neurons also increase their vul-
nerability to oxidative and excitotoxic damage compared with upper
motor neurons (Panov et al., 2011). The spinal cord also lacks
immune-interfacing regions like the brain choroid plexus, where
circulating proteins and molecules (e.g., LPS), directly affect paren-
chymal cells, including microglia. Because of these differences
between the brain and spinal cord, it is prudent to empirically deter-
mine how systemic LPS affects spinal cord microglia and their abil-
ity to respond to injury.

In this study, we tested the hypothesis that serial systemic
injections of LPS over 4 d (LPSx4) would elicit neuroprotective
spinal cord microglia. We show that LPSx4 causes consistent

changes in spinal cord microglia morphology and enhances their
proliferative capacity without causing neuron pathology. Using
advanced transgenic approaches, we show that IL-1-dependent
microglia–endothelia cross talk is necessary for triggering a neu-
roprotective spinal cord microglia response and that these cells
can be engaged to prevent spinal motor neuron loss and neuro-
logic impairment after ischemic spinal cord injury (ISCI).
Collectively, these data show that the bidirectional communica-
tion between spinal cord microglia and endothelial cells can be
coopted to protect motor neurons from injury or disease.

Materials and Methods
Mice
All surgical and postoperative care procedures were performed in ac-
cordance with The Ohio State University Institutional Animal Care and
Use Committee. A total of 211 mice were used. Adult (8–10-week-old)
male and female C57BL/6J [wild-type (WT)] mice were purchased from
The Jackson Laboratory (RRID:IMSR_JAX:000664). Global IL-1b and
IL-1a knock-out (KO) mice were obtained from Y. Iwakura (University
of Tokyo, Tokyo, Japan; Horai et al., 1998), while pIl-1b -DsRed trans-
genic mice that have the DsRed fluorescence protein gene expressed
under the control of the IL-1b promoter (pIl-1b ) were obtained from
Akira Takashima (University of Toledo, Toledo, OH; Matsushima et al.,
2010). All mouse lines were bred in-house at the Animal Facility of the
CHUL Research Center and genotyped as described previously (Bastien
et al., 2015). We also used advanced transgenics to explore the effect of
microglia-specific or endothelial cell-specific loss of IL-1R1. The II1r1r/r

has a “restore” allele (r) in which a floxed disruption sequence was
knocked into the intron between exon IX and X of the Il1r1 gene to pre-
vent IL-1R1 transcription and translation (Liu et al., 2019). To selectively
restore IL-1R1 in microglia (Cx3cr1-Cre x Il1r1r/r mice) or endothelial
cells (Tie2-Cre x Il1r1r/r mice), Il1r1r/r animals were crossed with mice
expressing Cre recombinase driven by Cx3cr1 [stock Tg(Cx3cr1-Cre)
MW126Gsat] or Tie2 (stock #004128, The Jackson Laboratory), respec-
tively. Ubiquitous deletion of the disruption sequence is indicated by a
“globally restored” allele (Il1r1GR/GR mice) which tracks IL-1R1 mRNA
using an IRES-Tdtomato sequence inserted into the Il1r1 allele, thus act-
ing as an IL-1R1 reporter (Liu et al., 2015). We also used Il1rf/f mice
(obtained from Randy Blakely, Florida Atlantic University), wherein the
Il1r1 gene is floxed upstream of exon three and downstream of exon 4.
These mice were crossed with Cx3cr1Cremice and Tie2Cremice to gen-
erate mice that do not express microglial IL-1R1 (Cx3cr1-Cre-Il1r1f/f) or
endothelial IL-1R1 (Tie2-Cre-Il1r1f/f), respectively. Mice were age- and
weight-matched within experiments. Animals were housed under con-
ventional conditions on a 12 h light/dark cycle with ad libitum access to
food and water.

In vivomanipulations
Systemic LPS. To establish an LPS dosing paradigm required to acti-

vate spinal microglia, we first injected Il1r1GR/GR and C57BL/6 mice
with either one, two, three, or four consecutive daily doses of 1mg/kg in-
traperitoneal LPS (Escherichia coli, serotype 055:B5, Sigma-Aldrich) or
sterile saline. Body weights were recorded daily to confirm LPS bioactiv-
ity. After determining that four consecutive doses of LPS (LPSx4) trig-
gered maximum microglia reactivity, we used LPSx4 or control
injections [PBS daily for 4 consecutive days (PBSx4)] for subsequent
studies.

BrdU. To label proliferating cells, mice were injected with the thymi-
dine analog, bromodeoxyuridine (BrdU; 50mg/kg, i.p., in 0.9% saline;
catalog #10280879001, Sigma-Aldrich) daily for 4 d, immediately after
receiving LPS or PBS injection.

Microglia depletion. A colony-stimulating factor 1 receptor (CSF1R)-
antagonist, PLX5622 (PLX; 1200mg/kg chow, p.o.; 290 ppm, Plexxikon,
Research Diets) was used to pharmacologically deplete microglia. PLX is
an orally bioavailable, blood-CNS-permeable compound that specifically
inhibits CSF1R tyrosine kinase activity with 50-fold selectivity over four
related kinases (Dagher et al., 2015). Animals were randomly assigned to
cages then cages were randomly assigned to a diet. Animals within a
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cage received the same diet (i.e., chow laced with PLX5622 or vehicle).
Mice were fed diets for 2 weeks, then randomly assigned to receive
LPSx4 or PBSx4 before undergoing ISCI. Mice remained on diets until
the experimental end point (7 d post-ISCI).

Tissue processing
At the experimental endpoint, mice were injected with a mixture of
ketamine (120 mg/kg) and xylazine (15 mg/kg) and then perfused
intracardially with PBS (0.1 M, pH 7.4) followed by 4% paraformal-
dehyde (PFA) in 0.1 M PBS. Spinal cords were dissected then post-
fixed overnight in 4% PFA and then cryoprotected by immersion
in 30% sucrose for 4 d. Cervical, thoracic, and lumbar spinal cord
segments were embedded in dry-ice cooled Tissue-Tek optimal
cutting temperature medium (VWR). Coronal serial sections
(10mm) were cut on a Microm cryostat (HM 505E), collected onto
SuperFrost Plus slides (Thermo Fisher Scientific) then stored at
�20°C. Thicker coronal sections (30mm) were collected as free-
floating sections into 0.1 M PBS.

Immunohistochemistry
Immunoperoxidase labeling. Spinal cord sections were rinsed in

0.1 M PBS and endogenous peroxidases quenched using a 4:1 solu-
tion of methanol and 30% H2O2 for 15min in the dark. Sections
were rinsed and blocked for nonspecific antigen binding using 4%
BSA/0.1% Triton X-100/PBS (BP1) for 1 h. Sections were then incu-
bated with primary antibody (Table 1) diluted in BP1 overnight in
humidified chambers at 4°C. The next day, sections were rinsed
three times in 0.1 M PBS, then incubated with biotinylated secondary
antibody (Table 1) diluted in BP1 for 1 h at room temperature.
Bound antibody was visualized using Elite-ABC reagent (Vector
Laboratories) with 3,39-diaminobenzidine as a substrate (Vector
Laboratories Cat #SK-4105). Sections were dehydrated through se-
quential 2 min incubations in 70, 80, 90, and 100% ethanol solu-
tions, followed by 3� 2min incubations in Histoclear. Slides were
coverslipped with Permount (Thermo Fisher Scientific).

Immunofluorescent labeling. Sections were rinsed in 0.1 M PBS,
blocked for 1 h in BP1, then incubated with primary antibodies (Table
1) overnight in humidified chambers at 4°C. The next day, sections were
rinsed 3�with 0.1 M PBS, and then incubated in secondary antibodies
for 1 h at room temperature (Table 1). After rinsing, slides were

coverslipped with ImmuMount (Thermo Fisher Scientific). The same
protocol was used for immunofluorescent staining of 30-mm-thick float-
ing sections, except that all incubations were performed at room temper-
ature on an orbital shaker. These sections were then gently transferred
onto slides and coverslipped with ImmuMount. For BrdU staining, sec-
tions were treated with 2N HCl at 37°C for 25min before primary anti-
body incubation to denature the DNA.

Nissl staining. Slides were rinsed in distilled water then submersed in
0.1% cresyl echt violet (ScyTek Laboratories) for 20min. Slides were
then rinsed, dehydrated, and coverslipped with Permount (Thermo
Fisher Scientific).

Gallyas method of silver staining. Silver impregnation of neuron
cell bodies, axon terminals, and dendrites was performed using the
method of Gallyas et al. (1980). Briefly, coronal spinal cord sec-
tions (30 mm thickness) were pretreated with 1% sodium acetate at
56°C for 1 h followed by 10% alkaline hydroxylamine solution,
pH 13, for 5 min to suppress the staining of nondegenerated neu-
rons/axons and to allow the hydrolysis of hydroxylamine. Slides
were then washed in 1% acetic acid 3� for 1 min until sections
became white opaque. For impregnation, sections were placed in a
solution of 4% ferric nitrate and 20% silver nitrate for 20 min at
22°C until sections turned reddish yellow. After rinsing in 1% cit-
ric acid 4� for 2 min each, followed by 1% acetic acid for 5 min,
sections were immersed in physical developer solution, including
ammonium nitrate, silver nitrate, and Tungstosilicic acid for 10
min. Finally, sections were washed in 1% acetic acid 3� for 5 min
and dehydrated. Slides were coverslipped with DPX (Sigma-
Aldrich).

Imaging
Immunoperoxidase and cresyl violet-stained images were captured using
a Zeiss Axioplan 2 Imaging microscope (Carl Zeiss) or a Keyence BZ-
X700. Fluorescent images were captured using a Zeiss Apotome
Microscope with AxioCam MRm, a Keyence BZ-X700, a Zeiss LSM 880
Airyscan, or a Leica TCS SP8 laser-scanning confocal microscope.
Fluorescent z-stack images were captured using a Zeiss LSM 880
Airyscan or Leica TCS SP8 laser-scanning confocal microscope at either
20� with z intervals of 2mm over a 10mm distance, or at 40�/1.2� oil
with z intervals of 0.50mm over a 30mm distance. Where appropriate,

Table 1. Antibodies used for immunohistochemistry

Antigen Host, dilution RRID Vendor, catalog #

Primary antibodies
BrdU Sheep (biotinylated), 1:200 AB_302944 Abcam, ab2284
CD11b Rat, 1:300 AB_321293 Serotec, MCA74G
CD31 Rat, 1:500 AB_394816 BD Pharmingen, 553370
Cleaved caspase-3 Rabbit, 1:300 AB_2341188 Cell Signaling Technology, 9661S
Fibrinogen Goat, 1:200 AB_2861203 Cappel Research Reagents, 55714
GFAP Rabbit, 1:1000 AB_10013382 Agilent, Z0334
IBA1 Rabbit, 1:1000 AB_839504 Wako, 019–19741
LC3 (APG8) Mouse, 1:300 AB_2137696 ABGent, AM1800a
NeuN Rabbit, 1:1000 AB_10711153 Abcam, ab104225
NeuN Guinea-pig, 1:300 AB_11205592 Millipore, ABN90
NG2 Rabbit, 1:200 AB_2276877 US Biological, C5067-70D
P2RY12 Rabbit, 1:1000 AB_2298886 Anaspec, AS-55043A
RFP Rabbit, 1:1000 AB_2209751 Rockland, 600–401-379

Secondary antibodies
Rabbit IgG Alexa Fluor 488 Goat, 1:1000 AB_2576217 Thermo Fisher Scientific, A-11034
Rabbit IgG Alexa Fluor 546 Goat, 1:1000 AB_2534093 Thermo Fisher Scientific, A-11035
Rabbit IgG Alexa Fluor 633 Goat, 1:1000 AB_2535731 Thermo Fisher Scientific, A-21070
Rabbit IgG Goat (biotinylated), 1:1000 AB_954902 Abcam, ab6720
Rabbit IgG Alexa Fluor 568 Donkey, 1:500 AB_2534017 Thermo Fisher Scientific, A-10042
Rat IgG Alexa Fluor 488 Goat, 1:1000 AB_2534074 Thermo Fisher Scientific, A-11006
Rat IgG Alexa Fluor 488 Donkey, 1:500 AB_141709 Thermo Fisher Scientific, A-21208
Goat IgG Alexa Fluor 647 Donkey, 1:500 AB_141844 Thermo Fisher Scientific, A-21447
Guinea pig IgG Alexa Fluor 647 Donkey, 1:500 AB_2340476 The Jackson Laboratory, 706–605-148
Mouse IgG Alexa Fluor 568 Donkey, 1:500 AB_2534013 Thermo Fisher Scientific, A-10037
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image montages were captured and tiles were auto-stitched in the xy
planes to generate a single image.

Image analysis
Proportional area. The proportional area (PA) occupied by positively

stained microglia (Iba1-positive area/area of ROI) was quantified within
spinal cord cross sections using MCID Elite image analysis software
(Imaging Research). Fibrinogen PA was quantified in full spinal cross
sections using ImageJ software (version 1.38d; NIH). For Iba11 staining,
two coronal sections for each spinal segment (cervical, thoracic, and
lumbar) were quantified per mouse (Fig. 1, n= 3 mice/group) and three
coronal sections for each spinal segment (cervical, thoracic, and lumbar)
were quantified per mouse (see Fig. 5J–L). In Figure 8, three coronal sec-
tions for lumbar spinal segment were quantified per mice (n=4 mice/
group; Fig. 8I,K,M,O,Q,S). In Figure 2, Iba1, NG2, and GFAP staining
were quantified in four coronal sections from each mouse with ROIs
focused in the L2–L4 ventral horn (n=3 mice/group; Fig. 2F,L,P). In
some figures where microglia and neuron double labeling was required
(Fig. 3, Figs. 9–11), microglia were labeled with CD11b instead of Iba1
because Iba1 and NeuN primary antibodies were derived from the same

species. For CD11b labeling, three coronal sections for lumbar spinal
segment were quantified per mouse (see Fig. 10J, vehicle LPS, n= 5 mice;
PLX LPS, n= 3 mice; see Fig. 11D, C57BL/6, n=5 mice; Cx3cr1-Cre-
Il1r1f/f, n= 4 mice; Tie2-Cre-Il1r1f/f, n=2 mice). To quantify spinal level-
dependent changes in the accumulation of intraspinal fibrinogen, three
coronal sections from each spinal segment (cervical, thoracic, and lumbar)
were quantified (see Fig. 9H) in C57BL/6 mice after ISCI. To evaluate
whether LPSx4 reduced fibrinogen leakage in ISCI mice, three sections
from lumbar spinal cord were analyzed in each mouse in both PBS and
LPSx4 groups (Fig. 9L, n=3 mice/group). Since the ischemic damage dis-
rupts tissue architecture, including blood vessels, it was not possible to dis-
tinguish between intravascular and extravascular fibrinogen.

BrdU1 cell counts. For mice that received 1, 2, 3, or 4 consecutive
injections of LPS, ImageJ (version 1.38d; NIH) was used to quantify
BrdU1 cells. Cells were quantified in sections from L2, L3, and L4 spinal
cord and averaged in each mouse (n= 3 mice/group). First, the image
was converted to grayscale. An intensity threshold was set based on
BrdU1 staining, and a size criterion was applied to eliminate thresholded
profiles,2 pixels. Profiles were automatically counted using the particle
analyzer. The accuracy of automatic profile counts was confirmed

Figure 1. Four consecutive daily intraperitoneal injections of LPS (i.e., LPSx4) activate spinal cord microglia. A, Experimental timeline of daily LPS or PBS injections over 4 d and histologic
analysis on the fifth day. B–C9, E–F9, H–I9, Ramified microglia distribute throughout the cervical, thoracic, and lumbar spinal cord after PBSx4 injections (B, B9, E, E9, H, H9), but reactive
microglia dominate the spinal cord of LPSx4 mice (C, C9, F, F9, I, I9). D, G, J, Quantification of the PA of Iba1 immunoreactivity reveal significant differences between PBSx4 versus LPSX4 groups
at all spinal cord levels. Graphs are representative of two independent experiments; data are the mean6 SEM. Student’s unpaired two-sided t tests (n= 3/group); ppp, 0.01. Scale bar: I9
(for B9, C9, E9, F9, H9, I9), 20mm.
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visually using digital masks that were overlaid onto the original histo-
logic image. The proportion of BrdU1 cells that were also Iba11,
GFAP1, or NG21 was divided by the total number of BrdU1 cells.

Neuron pathology. In Figure 3A–D, ImageJ was used to measure the
average number and size of spinal cord ventral horn neurons. Cresyl vio-
let-stained neurons were quantified within a 1500 mm2 area of the ventral
horn (lamina IX) in six randomly chosen cross sections cut at the L2–L4
spinal levels. See Figure 9, S and T, for LC31/NeuN1 double-labeled neu-
rons that were counted within spinal lamina IX in three separate sections
per animal. Each image was captured via confocal microscopy at 20�

with z intervals of 0.6mm over 20mm (see Fig. 9S,T, n=4 mice/group).
See Figure 9, Q and R, for the Gallyas method of silver staining was used
to quantify degenerating neurons. Spinal cord neurons impregnated with
silver staining were imaged at 20� then were counted in ventral horn lam-
ina IX in six coronal sections per mouse (see Fig. 9Q,R, n=6 mice/group).
The percentage of degenerated neurons was calculated as the total number
of silver-stained neurons/total number of neurons within lamina IX.
Nonstained neurons, visible by contrast (see Fig. 9Q, LPS image, dashed
circles), were easily distinguished from glia based on their morphology,
size, and location.

Figure 2. Four daily injections of LPS are required to achieve a proliferating reactive microglia phenotype. A–E, Consistent morphologic transformation of microglia requires four daily injec-
tions of LPS (A–D) and is preceded by an increase in the number of proliferating microglia (E; Iba1/green, BrdU/red). F, Quantification of Iba1 PA reveals significant morphologic changes in
microglia after LPSx4 compared with mice receiving fewer LPS injections. G, Quantification of total numbers of BrdU1 cells in spinal cord cross sections. H, Pie graph illustrating the proportion
of proliferating (BrdU1) astrocytes (8%, GFAP1), NG2 glia (22%, NG21), microglia (51%, Iba11), or unidentified cells (19%) after LPSx4. H–L, Despite a slight increase in the numbers of pro-
liferating astrocytes (H, K), astrocyte morphology (I, J, L) is not changed by single or serial LPS injections. M–P, Similarly, systemic LPS has little effect on the proliferation or morphology of
NG2 cells. Graphs are representative of a single experiment (n= 3 mice/group); data are the mean 6 SEM. One-way ANOVA with Bonferroni’s post hoc tests; pp, 0.05; ppp, 0.01;
pppp, 0.001. Scale bars: D (for A–D), 50mm; E, 50mm; I (for I, J, M, N), 50mm; K, O, 50mm.
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Quantifying microglial/spinal cord blood vessel intersections. The
Sholl Analysis Fiji plugin was used to quantify the number of intersec-
tions between microglia (Iba11 profiles) and blood vessels (TdTomato1

profiles) that had a length between 100 and 300mm. Images were over-
laid in a two-channel grayscale stack with adjusted threshold set to
binarized. TdTomato1 cells were chosen as center startup ROI deter-
mined as the blood vessel centroid where the straight-line tool was used
to calculate interaction points along the line with 10mm interval concen-
tric shells up to 100mm ending radius. The average number of Iba11

intersections with TdTomato1 profiles and maximum number of Iba11

intersections with TdTomato1 profiles was measured.
Microglia volume. The surface tool in Imaris (version 7.7.2;

Bitplane) was used to create three-dimensional reconstructions of

microglia in the ventral horns of the lumbar spinal cord in one sec-
tion per mouse (n = 4). For this, the Iba11 channel was selected
based on absolute intensity, with touching objects split. The selec-
tion was converted into a surface rendering and was color coded
based on cell volume.

RNA isolation, conversion, and quantitative PCR
Mice were anesthetized with ketamine (120mg/kg) and xylazine (15mg/
kg) and then perfused intracardially with 0.1 M PBS in DEPC (diethyl
pyrocarbonate) water. Spinal cords were removed and homogenized in
TRIzol (Thermo Fisher Scientific). After isolation, RNA concentra-
tion purity and concentration were measured via spectrophotometer
(NanoDrop, Thermo Fisher Scientific). One microgram of RNA was

Figure 3. LPSx4 activates spinal cord microglia without causing neuronal pathology. A, B, Cresyl violet staining revealed that neither PBSx4 (A) nor LPSx4 (B) adversely affect spinal motor
neuron survival. C, D, In lumbar spinal cord, the average number (C) and size (D) of motor neurons was identical between groups. E–H, To confirm that LPSx4 did not cause neuronal pathol-
ogy, silver impregnation (Gallyas silver stain; E, F) and immunohistochemical stains for LC3 (an autophagy marker; G), and cleaved caspase-3 antibodies (a marker for apoptotic cells; H) were
used. Regardless of the staining technique, no neuron or axonal pathology was detected in LPSx4 tissues. I–L, Immunofluorescent double-labeling for microglia (CD11b) and neurons (NeuN)
revealed that perineuronal satellite cells (A, B, arrowheads), at all spinal levels in LPSx4 mice, are microglia. M–P, Immunofluorescence triple labeling for NeuN, CD11b and the microglia-spe-
cific marker P2RY12 confirms that LPSx4 activates microglia but does not promote the recruitment of monocyte-derived macrophages; all CD11b1 cells are also P2YR121. Data in A–D (n= 4
mice/group; in C, D, data are the mean6 SEM; Student’s unpaired two-sided t tests). Representative figures shown in E–P were randomly captured from n= 3 mice/group. Scale bars: B (for
A, B), 50mm; F (for E, F), 50mm; H (for G, H), 20mm; L (for I–L), 20mm; P (for M–P), 20mm.
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converted to cDNA using M-MLV (Thermo Fisher Scientific) reverse
transcriptase in a thermal cycler (Eppendorf). RNA profiles were ana-
lyzed using primers specific to the gene of interest and SYBR green mas-
ter mix (Thermo Fisher Scientific). PCR was performed using an
Applied Biosystems 7300 System (Thermo Fisher Scientific). Gene
expression was extrapolated from standard curves generated concur-
rently for each gene using a control cDNA dilution series; expression
was normalized to 18S for each sample. Data were calculated using the
DDCt method (Schmittgen and Livak, 2008) and expressed as fold
change from control. Primers used were as follows: IL-1b : forward,
CAG-GCT-CCG-AGA-TGA-ACA-AC, and reverse, GGT-GGA-GAG-
CTT-TCA-GCT-CAT-AT; 18S: forward, TTC-GGA-ACT-GAG-GCC-
ATG-AT, and reverse, TTT-CGC-TCT-GGT-CCG-TCT-TG.

ISCI
Mice were anesthetized by inhalation of 4% isoflurane driven by 100%
O2 (800 ml/min). During surgery, anesthesia was maintained by 1.5%
isoflurane inhalation with 100 ml/min O2 delivered via an endotracheal
cannula and a mouse ventilator (Minivent model 845 Germany, Hugo
Sachs Elektronik). Mouse body temperature was controlled between
33.5°C and 34.5°C using a temperature-controlled surgical platform
(World Precision Instruments). ISCI was performed as described previ-
ously (Awad et al., 2010). Briefly, a ventral midline incision was made
below the left forelimb and shoulder to expose the underlying rib cage.
The muscle between the second and third rib was cut, exposing the lat-
eral pleura. Retractors were used to open the incision and lateral hooks
were used to completely expose the descending thoracic aorta. Spinal
cord ischemia was induced by transient aortic cross-clamp at the level of
the aortic arch or descending aorta. To ensure complete cross-clamp, the
aorta was elevated, and two clips were placed across the vessel. Aortic
cross clamp was maintained for 7.5–8min, and then the clip was
removed for reperfusion. The rib cage, muscle, and overlying skin were
closed using 6.0 polypropylene and 5.0 Dermalon nylon sutures.
Animals were injected with 1 ml of Ringer’s saline solution and single
housed into warmed cages at 36°C. Hindlimb paralysis and seizures
could be detected within 36–72 h after surgery. In total, of 103 animals
that received an ISCI, 40 died during or shortly after surgery (22 because
of seizures and another 18 to respiratory complications after removal of
the endotracheal cannula). This mortality rate (39%) is much higher
than what we have reported previously (;7%; Awad et al., 2010) and is
likely explained by superimposing the stress of surgery and ISCI onto
mice with acute endotoxemia caused by LPSx4.

Behavioral analysis
Activity box. A subset of mice exposed to LPS and PBS were placed

in an activity box (Animal Activity Meter Opto M3). In this task, vertical
and horizontal sensors measured activity for 30min. Baseline measure-
ments were obtained before injections. Mice were then tested at 4 h, 1, 2,
3, and 4 d after injections. Outcome measures included total movement
time, rest time, vertical activity time, and horizontal activity time. Data
were compiled using AccuScan software.

Basso mouse scale for open-field locomotor analysis. Locomotor re-
covery from ischemic spinal cord injury was assessed in the open field
using the Basso Mouse Scale (BMS; Basso et al., 2006). Two raters, blind
to group assignment, rated locomotor performance over a 4min period.
During each session, raters evaluated hindlimb joint movement, weight
support, plantar stepping, coordination, paw position, and trunk and tail
control. Scores range from no hindlimb movement (0) to normal loco-
motor function (9). From the BMS data, a subscoring strategy was used
to quantify improvements in stepping frequency, coordination, paw
position, trunk stability, and tail position. BMS subscores were rated
from 0 to 11, as described previously (Basso et al., 2006). BMS testing
was performed beginning the first week after the onset of feeding
PLX5622 diet or vehicle, then again 24, 48, and 72 h after PBS/LPS injec-
tions, and again at 4 and 7 d post-ISCI. Individual hindlimb scores were
recorded and averaged for each mouse. After waiting at least 20min after
completing BMS scoring, animals that exhibited effective plantar step-
ping were selected for evaluation using TreadScan/beam-walking tasks.

TreadScan. TreadScan automatically detects coordinated activity in
mice. The system consists of a treadmill (Clever Sys) with a transparent
belt and a camera located under the track. For acclimation and baseline
recordings, mice were placed on the treadmill at speeds of 15 and 10 cm/
s. For recordings at 4 and 7 d after ISCI, mice with no signs of paralysis
were placed on the treadmill at a speed of 10 cm/s (n=9 mice/group).
The speed setting was chosen for easy performance gains after surgery
and was used for all mice. Only runs with at least 20 consecutive steps
were analyzed. The average run speed and regularity index were meas-
ured for all mice, where the regularity index is defined as the percentage
of normal steps per step sequence.

Beam walking. The beam-walking apparatus consists of a horizontal
rod, 182 cm in length and 1.2 cm in diameter, bounded by two walls. A
mirror was placed at a 45° angle below the horizontal rod such that the
video camera could capture, in the same frame, a side view and also paw
placement from below. Animals analyzed via TreadScan were also ana-
lyzed via beam walking. Because of the challenging conditions of this
task, only a few animals were selected based on their ability to walk on a
narrow beam without falling (vehicle-LPS, n=6; PLX-LPS, n=4). Each
mouse performed at least three complete runs (distance, ;58 cm of
rod). Numbers of foot slips/foot falls (reported as “mistakes”) were
counted by an observer blinded to treatment group.

Experimental design and statistical analysis
All investigators involved in data acquisition or analysis were blind to
group designation or experimental manipulation. Data were analyzed
using GraphPad Prism 5 and are presented as the mean6 SEM.

The experimental observations described in Figure 1 were independ-
ently replicated in two independent experiments by two different indi-
viduals. A “pilot” experiment, using n= 4 mice/group, showed that
LPSx4 elicits consistent and robust changes in microglia morphology.
Using those pilot data, a power analysis (two-tailed test a = 0.05; SD =
0.004 and desired power 0.80) revealed that n=3 mice/group could be
used in replicate studies, including data in Figure 1, which were gener-
ated by an investigator different from the one that generated the pilot
data. All subsequent experiments reported in Figures 2-8 (and see Fig.
11), for which measuring microglia morphology was a primary experi-
mental outcome, were generated using groups sizes of n= 3–4 mice/
group.

For each ISCI experiment, animals were randomized into treatment
or control groups by an investigator that was not performing the ISCI
surgery. Randomization was required for each day of surgery and
because the ISCI surgery is time and labor intensive, no more than n= 6
mice were randomized for surgery on any given day. Therefore, to com-
plete a properly powered ISCI experiment, with behavioral analyses as a
primary outcome measure, multiple days of surgery were required. Since
mice from each experimental group are included on each day of surgery,
an ISCI study technically represents a compilation of three to five multi-
ple independent experiments. To generate the data in Figure 9 required
4 d of surgery (n= 16 total mice; n=8/group). Data in Figure 10 were
compiled from two independent experiments separated in time, each
requiring 4–5 d to complete ISCI surgery on animals in each of the four
different experimental or control groups. Overall, one mouse from each
experimental or control group was randomly selected for ISCI on a given
day (n= 36 mice total; vehicle1 PBS and PLX1 PBS, n=5 mice/group;
vehicle 1 LPS and PLX 1 LPS, n=13 mice/group). After determining
that LPSx4 consistently elicited a reactive microglia response and that
pharmacological depletion of microglia with PLX removed spinal micro-
glia, data from the two independent experiments were combined. Note
in the figure legends that final group sizes for TreadScan and beam-
walking analysis vary from the above totals because not all mice achieved
recovery thresholds that allowed them to be tested using these behavioral
techniques (see details for each method above). For data that were gener-
ated from a single experiment where animal surgeries were performed
over 6 consecutive days, see Figure 11. Each surgical day contained mice
from every genetic background and relevant control or drug treatment
groups. For data that were generated from n=5 C57BL/6; n= 4 Cx3cr1-
Cre-Il1r1f/f Cre1; and n=2 Tie2-Cre-Il1r1f/f Cre1 see, see Figure 11. In
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the latter group, group size was reduced because two animals died after
surgery.

All proportional area measurements (Figs. 1D,G,J, 10J), cell counts,
or neuron area measurements (Figs. 3C,D, 6E,H,K, 9K,O,S, 10I,J) and
RT-PCR data (Fig. 4A) in which two groups were compared, were ana-
lyzed using unpaired Student’s two-tailed t tests. All other anatomic data
in which measurements were compared between three or more groups
were analyzed using a one-way ANOVA with Bonferroni’s post hoc tests.
All behavioral data (Figs. 9M,N, 10K–L) were analyzed using a two-way
ANOVA with Bonferroni’s post hoc tests. Statistical significance was
determined at p, 0.05.

Results
Repeat systemic injections of LPS (LPSx4) are required to
elicit consistent morphologic transformation and
proliferation of spinal cord microglia
Recent data indicate that injecting 1mg/kg LPS into the perito-
neal cavity daily for 4 consecutive days (i.e., LPSx4) causes con-
sistent morphologic transformation of brain microglia. These
“reactive” microglia protect the brain from traumatic injury and
neurodegeneration (Chen et al., 2012; Wendeln et al., 2018). To
determine whether the LPSx4 protocol also activates spinal cord
microglia, microglia morphology was quantified throughout the
rostrocaudal extent of the spinal cord. Consistent with changes
in brain (Chen et al., 2012), Iba11 microglia in spinal cord gray
matter and white matter of LPSx4-injected mice were consis-
tently reactive, based on morphologic criteria, when compared
with mice injected with PBSx4 (Fig. 1).

To determine whether the formation of reactive intraspinal
microglia requires single or multiple systemic LPS injections,
microglia morphology was evaluated after one, two, three, or
four consecutive daily LPS injections. Only the LPSx4 paradigm
was able to consistently elicit the reactive microglia phenotype
(Fig. 2A–D,F). To determine whether enhanced proliferation
of microglia contributes to the increased Iba1 PA, we quan-
tified the number of BrdU1 cells. Unlike in the brain, where
LPSx4 fails to elicit microglia proliferation (Chen et al.,
2012), proliferating spinal cord microglia were detected af-
ter only two LPS injections (Fig. 2G). Peak microglia prolif-
eration occurred after three LPS injections. Most (51%)
proliferating cells were microglia (Fig. 2H). LPSx4 also trig-
gered proliferation of NG21 cells (22%) and astrocytes
(8%). Other BrdU1 cells were present (19%) but did not
colabel with any of these markers. There was minimal mor-
phologic change in astrocytes and NG2 glia present within
the same tissue sections, even with the LPSx4 paradigm
(Fig. 2I–L,M,P). Together, these data indicate that LPSx4
induces a specific (and robust) reactive microglia pheno-
type marked by morphologic transformation and increased
proliferation.

LPSx4 does not cause neuropathology
Systemic LPS causes transient hypothermia and a sickness-like
behavior that persists throughout the 4 d evaluation period (data
not shown). Importantly, in these mice, there is no evidence of
leukocyte infiltration or neuropathology; neurons in the spinal
cord ventral horn appear healthy, with no obvious change in cell
number or cell size, and without evidence of chromatolysis (Fig.
3A–D). Additional light and confocal microscopic techniques
confirmed the absence of neuropathology. Specifically, neither
the Gallyas silver stain (Fig. 3E,F), used to visualize degenerating
neurons, nor antibodies specific for autophagic (LC31; Fig. 3G)
or apoptotic (cleaved caspase-31; Fig. 3H) neurons, revealed any

neuropathology in mice injected with LPSx4. However, during
light microscopic analysis of cresyl violet-stained sections, it was
obvious that LPSx4 increased the number of satellite cells associ-
ated with neurons (Fig. 3B, arrowheads). Immunofluorescent
double labeling with neuronal and anti-CD11b antibodies
revealed that these cells are microglia that were consistently
found adjacent to or physically touching healthy neuronal
somata at all spinal levels in LPSx4 mice (Fig. 3I–L). Moreover,
double labeling with the microglia-specific antibody P2RY12 and
anti-CD11b antibodies confirmed that LPSx4 elicits a reactive
microglia reaction without triggering the recruitment of mono-
cyte-derived macrophages (i.e., no CD11b1/P2RY12- cells were

Figure 4. LPSx4 increases the expression of intraspinal IL-1b produced by microglia. A,
LPSx4 increases intraspinal IL-1b mRNA expression .10-fold relative to control (PBSx4)
C57BL/6 mouse spinal cord. Data were generated using quantitative real-time PCR analysis
of mRNA prepared from whole homogenized spinal cord (containing cervical, thoracic, and
lumbar spinal cord segments). B–C999, Immunofluorescent triple labeling of spinal cord sec-
tions from pIl-1b -DsRed mice (red; B, C). In these mice, the DsRed fluorescent protein gene
is expressed under the control of the pIL-1b . Thus, only cells that can produce IL-1b will
express DsRed. Sections stained for Iba11 microglia (B9, B999), GFAP1 astrocytes (C9, C999),
and CD311 endothelial cells (B99, C99) reveal that IL-1b is produced only by microglia.
Data are representative of a single experiment (C57BL/6 mice, n= 5/group; pIl-1b -DsRed
mice, n= 3/group); data are the mean 6 SEM. Student’s unpaired two-sided test;
ppp, 0.01. Scale bar: C999 (for B–C999), 20mm.
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observed in the spinal parenchyma; Fig. 3M–P). Together, these
data indicate that LPSx4 triggers a robust microglia response that
is not neurotoxic and does not elicit leukocyte recruitment to the
spinal cord.

LPSx4 causes reactive spinal cord microglia to increase IL-1b
expression
We next sought to understand how the LPSx4 model
impacts a major gene signature associated with reactive
microglia, IL-1 (Liddelow et al., 2017; Liu and Quan, 2018).
In the brain, a composite indicator of neuroinflammation is
when IL-1b expression increases together with the forma-
tion of reactive microglia (Norden et al., 2015; Liu and
Quan, 2018; Wendeln et al., 2018). Less is known about spi-
nal cord microglia and IL-1b . In our hands, a single LPS
injection fails to elicit morphologic transformation of spi-
nal cord microglia (Fig. 2A), and in rats, a single systemic
injection of LPS failed to increase intraspinal IL-1b mRNA
(Huxtable et al., 2013). However, LPSx4 consistently elicits
reactive microglia throughout the spinal cord, and this is
accompanied by a .10-fold increase in intraspinal IL-1b
mRNA expression (LPSx4 vs PBSx4 mice, p, 0.01, Fig. 4A).

DsRed-IL-1b reporter mice were used to determine which
spinal cord cell types produce IL-1b in response to LPSx4. In
these mice, IL-1b -producing cells increase expression of DsRed
(Matsushima et al., 2010; Bastien et al., 2015). LPSx4 increased
DsRed expression only in Iba11 cells (Fig. 4B,B9,B999). Thus, in
spinal cord, LPSx4 elicits nonpathologic neuroinflammation
with reactive IL-1b1 microglia evenly distributed throughout
the spinal parenchyma.

Reactive intraspinal microgliosis after LPSx4 requires IL-1-
dependent microglia–endothelia cross talk
To determine whether the LPS-dependent increase in microglial
IL-1 is a downstream consequence of spinal microglia activation
or is required to promote the reactive microglia response, the
ability to elicit reactive microglia with LPSx4 was measured in
IL-1b and IL-1a knock-out mice. When compared with PBS-
injected genotype controls, LPSx4 consistently elicits reactive
microglia, regardless of the presence of IL-1b or IL-1a (Fig. 5).
However, relative to WT mice, the magnitude of morphologic
transformation of spinal cord microglia was significantly reduced
in the cervical and lumbar spinal cord in both IL-1b and IL-1a
knock-out mice (Fig. 5). These data, together with those in
Figure 4, indicate that an optimal reactive microglia response
requires IL-1.

Since LPS does not cross the BSCB, we sought to determine
how LPSx4 and subsequent IL-1 production elicit reactive intra-
spinal microglia. Endothelial cells that line intraspinal microves-
sels are the only other CNS-resident cell type to express the LPS
receptor TLR4 at levels comparable to microglia (Zhang et al.,
2014b). Since endothelial cells are at the interface between micro-
glia and circulating LPS, we hypothesized that LPSx4 triggers
IL-1-dependent cross talk between spinal cord microglia and en-
dothelial cells. First, we analyzed microglia–endothelia interac-
tions via microscopy. In naive or PBS-injected mice, spinal cord
microglia, at all spinal levels, tile homogeneously throughout
gray matter and white matter (Fig. 6A,C,F,I). In contrast, in
LPSx4-injected mice, reactive microglia frequently cluster
around or adjacent to the central canal and blood vessels (Fig.
6B,D,G,J). This repositioning of microglia alongside endothelia
was most obvious within the gray matter of the cervical and

Figure 5. Maximal activation of spinal cord microglia by LPSx4 requires IL-1. A–I and A9–I9, Representative images of cervical (A, A9, D, D9, G, G9), thoracic (B, B9, E, E9, H, H9), and lum-
bar (C, C9, F, F9, I, I9) spinal cord ventral horn after PBSx4 (A–I) or LPSx4 (A9–I9) injections in C57BL/6 wild-type mice (A–C and A9–C9), IL-1a knock-out mice (D–F and D9–F9), and
IL-1b knock-out mice (G–I and G9–I9). J–L, Quantification of Iba1 PA in the cervical (J), thoracic (K), or lumbar (L) spinal cord reveals that LPSx4 elicits microglial activation in all genotypes,
but this response is significantly impaired in IL-1a and IL-1b KO relative to C57BL/6 mice. J–L, Graphs are representative of a single experiment (n= 4 mice/group). One-way ANOVA with
Bonferroni’s post hoc tests; J, pp, 0.05 and pppp, 0.001, PBS versus LPS within a genotype; ppp, 0.01, C57BL/6 versus IL-1a KO and C57BL/6 versus IL-1b Ko within LPS treatment;
K, pp, 0.05 and ppp, 0.01, PBSx4 versus LPSx4 within a genotype; L, pp, 0.05 and pppp, 0.001, PBSx4 versus LPSx4 within a genotype, ppp, 0.01, C57BL/6 LPSx4 versus IL-1a
Ko LPSx4, and pppp, 0.001, C57BL/6 LPSx4 versus IL-1b KO LPSx4. Scale bar: I9 (for A–I9), 50mm.
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lumbar enlargements, where blood vessel density and vascular
perfusion are highest (Fig. 6C–J; Mautes et al., 2000). Overall,
LPSx4 increased microglia–endothelia interactions approxi-
mately threefold at all spinal levels (Fig. 6E,H,K).

To determine whether reactive perivascular microglia were
also IL-1b1, DsRed IL-1b reporter mice were injected with
LPSx4. Depending on spinal level, most (;40–70%) reactive IL-
1b1 microglia intersected with blood vessel profiles, with the
largest numbers found along CD311 vascular profiles in the cer-
vical and lumbar spinal cord (Fig. 6L–R). These data suggest that
in response to LPSx4, reactive microglia increase the expression
of IL-1b and position themselves to receive cues from endothe-
lial cells.

Next, we sought to establish the mechanism by which LPSx4
triggers intercellular cross talk between endothelial cells and
microglia. Endothelia express .10-fold more IL-1R1 than other
glia and neurons (Zhang et al., 2014b) and can induce the upreg-
ulation of IL-1 in microglia (Liu et al., 2019). Therefore, the
enhanced production of IL-1 by microglia after LPSx4 (Figs. 4, 5)
could be driven by paracrine signals from IL-1R1 endothelial
cells. To assess whether LPSx4 increases IL-1R expression in

spinal cord endothelia, we used Il1r1GR/GR mice. In this IL-1R1
reporter mouse line, IL-1R1 mRNA-expressing cells can be
tracked because of a knock-in TdTomato reporter gene that is
coexpressed with IL-1R1 (Liu et al., 2019). Similar to the progres-
sive morphologic changes observed in microglia after repeat
LPS injections, the relative area of spinal cord occupied by
IL-1R11 blood vessel profiles doubled after three and four
daily injections of LPS, relative to 1 or 2 d of LPS injections
(Fig. 7A–F). Again, four serial LPS injections were required
to trigger the perivascular reactive microglia response (Fig.
7G,H). These data indicate that in response to (four) serial
LPS injections, microglia undergo progressive morphologic
transformation (Fig. 2A–D,F), proliferate (Fig. 2E,G,H),
migrate to blood vessels (Fig. 6A–K), and increase the
expression of IL-1 (Fig. 4) as a result of IL-1R-dependent
endothelia–microglia cross talk.

To better understand the hierarchy in this IL-1R1-dependent
signaling network and its relationship to the development of
nonpathologic neuroinflammation, we applied the LPSx4 proto-
col in a novel Il1r1r/r mouse line. These mice are equivalent to
Il1r1r/r-null mice because normal IL-1R1 expression is blocked

Figure 6. LPSx4 increases the number of reactive IL-1b1 perivascular microglia. A, B, Iba1 immunoperoxidase staining in the lumbar spinal cord in mice injected with PBSx4 (A) or LPSx4
(B) show enhanced clustering of microglia around/adjacent to microvascular profiles (asterisks) and to central canal (cc). C–K, Representative images (C, D, F, G, I, J) and quantification (E, H,
K) of microglia (Iba1; red) intersecting with or adjacent to spinal cord endothelia (CD31; green). LPSx4 increases the number of microglia–endothelia interactions at all spinal levels. L–R,
Representative images (L–Q) and image quantification (R) reveal that most (;40–70%) microglia that intersect with blood vessel profiles are IL-1b1 (DsRed). Graphs are representative of a
single experiment; data are mean 6 SEM; Student’s unpaired two-sided t tests (E, H, K, using C57BL/6 mice; n= 4/group) and one-way ANOVA with Bonferroni’s multiple-comparison post
hoc tests (R, using pIl-1b -DsRed mice; n= 3/group); pp, 0.05; ppp, 0.01; pppp, 0.001. Scale bars: B (for A, B), 50mm; J (for C, D, F, G, I, J), 20mm; P (for L–P), 200mm; Q (for M–
Q), 20mm.
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by intronic insertion of a loxP flanked disruption sequence.
However, when these mice are crossed with cell type-specific Cre
promoter mouse lines, excision of the disruption sequence in off-
spring restores IL-1R1 expression only in cells with the specific
promoter (Liu et al., 2019). To selectively restore IL-1R1 expres-
sion in endothelia or microglia, which also express IL-1R1
(Bruttger et al., 2015), Il1r1r/r mice were crossed with Tie2-Cre or
Cx3cr1-Cre mice. In the resulting Tie2-Cre-Il1r1r/r or Cx3cr1-
Cre-Il1r1r/r offspring, IL-1R1 is selectively restored (r) in endo-
thelia or microglia, respectively. Although LPSx4 consistently
elicits reactive microglia in wild-type control (C57BL/6) mice
(Fig. 8A,B,I), it did not do so in Il1r1r/r mice (Fig. 8C,D,I).
Instead, in these mice, spinal cord microglia resembled the rest-
ing microglia found in wild-type mice injected with PBS (Fig. 8,
compare A, C; Fig. 8I, compare LPSx4, PBSx4). Reactive micro-
gliosis is again elicited by LPSx4 after IL-1R1 expression is selec-
tively restored in microglia (Cx3cr1-Cre-Il1r1r/r) or endothelia
(Tie2-Cre-Il1r1r/rmice; Figs. 8E–H). These effects were consistent
at all spinal levels, although data presented here were from lum-
bar spinal cord where the most consistent and robust effects of
LPSx4 occurred (Figs. 1, 5, 6).

Noted increases (or decreases) in reactive microgliosis, as
defined by two-dimensional proportional area measurements,
which can be affected by cell proliferation and cell migration,
were also confirmed by quantifying corresponding changes in
cell volume. Three-dimensional analysis of reactive microglia
profiles, including cell bodies and microglia processes, revealed
that LPSx4 consistently increased microglial cell volume, and
this effect was abolished in the absence of IL-1-dependent signal-
ing in microglia or endothelia (Fig. 8J–S). Together, these data
suggest that serial injections of systemic LPS elicit a bidirectional
IL-1-dependent signaling network that amplifies cross talk
between spinal cord endothelia and reactive microglia. We next
tested the functional significance of this novel neuroinflamma-
tory reaction in the spinal cord.

LPSx4 confers neuroprotection and prevents paralysis after
ISCI
Systemic injections of LPS before an ischemic or traumatic insult
can protect the brain (Rosenzweig et al., 2004; Chen et al., 2012;

Wendeln et al., 2018). The mechanisms
underlying the neuroprotective effects of
LPS “preconditioning” are incompletely
understood but involve reprogramming of
microglia function (Marsh et al., 2009a,b;
Stevens et al., 2011; Chen and Trapp, 2016).
Although preconditioning may not be prac-
tical as a treatment for naturally occurring
traumatic CNS injuries or cerebral vascular
accidents, it could benefit individuals who
plan elective surgery to repair aortic aneur-
ysms (Gravereaux et al., 2001). In these indi-
viduals, there is currently no way to prevent
the devastating perioperative complication
of spinal cord ischemia with paralysis (Awad
et al., 2010). Previously, we showed that, like
in humans, aortic cross clamp in adult
C57BL/6mice reduces blood flow to the tho-
racic and lumbar spinal cord, causing repro-
ducible ISCI across these spinal segments,
particularly in spinal cord gray matter
(Awad et al., 2010), while preserving the
cervical spinal cord. Data in Figure 9 illus-
trate pathologic features of this model.

Specifically, after aortic cross clamp with reperfusion (see Materials
and Methods), the cervical spinal cord was unaffected; there was no
overt neuron loss, evidence of neuroinflammation, or obvious
extravascular leak of fibrinogen, an immunohistochemical marker
of increased blood–spinal cord barrier permeability (Fig. 9B,C).
However, throughout the ischemic thoracic and lumbar gray mat-
ter, marked neuronal loss occurred and was associated with a robust
innate immune response and a significant increase in extravascular
fibrinogen accumulation (Fig. 9D–G,H).

Identical pathology occurs in mice injected with PBSx4 (Fig.
9, compare A, I, and A, F). Obvious ischemia-induced damage to
the spinal microvasculature was evident in these mice (Fig. 9A).
By 48 h postreperfusion, this pathology was accompanied by
nearly complete hindlimb paralysis in most (n= 7/8) PBSx4 mice
(Fig. 9M,N). These mice did not show signs of spontaneous re-
covery even 7 d after ISCI. Conversely, in mice receiving four
daily injections of LPS before ISCI (i.e., LPSx4), there was no
gross evidence of damage to the spinal vasculature (Fig. 9A),
obvious intraspinal inflammation (Fig. 9J), or fibrinogen accu-
mulation; the latter was restricted to the lumen of the microvas-
culature throughout the spinal cord (Fig. 9K,L, lumbar spinal
cord). LPSx4 also protected ventral horn motor neurons from is-
chemic damage. Specifically, greater numbers of large NeuN1

motor neurons were found throughout the ventral horn in
LPSx4 mice (Fig. 9O,P). Although the ability of LPSx4 to protect
the spinal cord from ischemic injury was consistent, it was not
absolute. Adjacent sections stained with Gallyas silver stain (Fig.
9Q,R) or anti-LC3 antibodies (Fig. 9S,T) revealed that some neu-
rons were degenerating or undergoing autophagy and that a sub-
set of mice (n = 3 of 8) developed mild hindlimb deficits,
characterized by loss of forelimb–hindlimb coordination during
overground locomotion with paw rotation during stepping (Fig.
9M,N). Together, these data indicate that LPSx4 markedly
reduces the pathologic consequences of ISCI.

Microglia enhance the neuroprotective effects of LPSx4
To determine whether the neuroprotective effects of LPSx4
require microglia, a loss-of-function experiment was performed.
Microglia were depleted by feeding mice for 14 d with a chow

Figure 7. LPSx4 increases vascular IL-1R1 mRNA expression. A–E, Representative images of spinal cord cross sections (A–
D) from IL-1R1 reporter mice (Il1r1GR/GR) reveal that three to four successive daily injections of LPS activate a robust IL-1R11

vascular network (quantified in E). Images of endogenous TdTomato reporter (IL-1R1) are binarized for clear visualization of
vascular profiles. F, Triple labeling for microglia (Iba1; green), IL-1R1 mRNA (red), and DAPI (blue) shows that numerous
microglia are associated with IL-1R11 vascular profiles in the lumbar spinal cord after LPSx4. G, H, The average (G) and max-
imum (H) number of microglia that abut IL1R11 blood vessels increased only after four daily injections of LPS. Graphs are
representative of a single experiment; data are the mean6 SEM. One-way ANOVA with Bonferroni’s post hoc tests (Il1r1GR/
GR mice, n= 3/group); pp, 0.05; ppp, 0.01. Scale bars: D (for A–D), 100mm; F, 50mm.
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laced with PLX (Elmore et al., 2014; Dagher et al., 2015;
Spangenberg et al., 2016). Mice fed vehicle diet served as con-
trols. Half the mice in each group were injected with LPSx4 or
PBSx4 after which the anatomic and functional consequences of
ISCI were compared. In vehicle1PBSx4 control mice, intraspinal

pathology and paralysis developed as expected, mirroring the
effects of ISCI seen in control mice in Figures 9 and 10, A and E.
Also, LPSx4 again protected mice from ISCI if they were fed ve-
hicle chow (Fig. 10B,F). Depleting microglia did not affect the
natural course of ISCI in mice injected with PBS (PLX1PBSx4;

Figure 8. Optimal activation of spinal cord microglia by LPSx4 requires IL-1-dependent microglia–endothelia cross talk. A–B, Relative to PBSx4 (A), LPSx4 (B) elicits a consistent reactive
microglia response throughout the spinal cord of C57BL/6 mice. In Il1r1r/r PBSx4 mice (C), microglia exhibit a resting morphology, similar to PBSx4 in C57BL/6 mice (compare A, C). D, LPSx4
cannot elicit a reactive microglia phenotype when injected into mice with global IL-1R1 deficiency (Il1r1r/r mice). F, H, The ability of LPSx4 to elicit reactive microglia returns when the expres-
sion of IL-1R1 is selectively restored in microglia (Cx3cr1-Cre-Il1r1r/r mice; F) or endothelial cells (Tie2-Cre-Il1r1r/r mice; H). A–I, Quantification of Iba11 cell PA for mice is illustrated. For each
experimental group, LPSx4 was compared with PBSx4, and all transgenic mice used their respective littermate controls for PBSx4 comparisons. J–S, Representative 3D images (J, L, N, P, R)
and quantification (K, M, O, Q, S) of microglia volume in sections from C57BL/6 mice and genetically modified mouse genotypes after LPSx4 (L, N, P, R). Note that after LPSx4, the number of
microglia with cell volumes .1000 mm3 increases relative to PBS (compare K, M). O–S, These 3D morphologic changes caused by LPSx4 are abolished in IL-1R1r/r mice (O) but return after
selective restoration of IL-1R1 in microglia (P, Q) or endothelial cells (R, S). All images and data were analyzed using sections from lumbar spinal cord, and for the 3D images the number of
microglial cells analyzed was within a field view area of 1.5 mm2. Black arrows reveal the absence of microglia at the indicated volumes. Data were generated from a single experiment with
n= 4 mice/group. Data are the mean6 SEM and were analyzed via one-way ANOVA with Bonferroni’s post hoc tests; pppp, 0.001. Scale bars: H (for A–H), 10mm; R (for J, L, N, P, R),
10mm.
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Fig. 10C,G); spinal cord pathology in this group was similar to
the effects of ISCI in C57BL/6 mice (Fig. 9) or vehicle1PBSx4
groups, with the exception that the relative magnitude of the my-
eloid cell response in the ischemic gray matter was reduced, pre-
sumably because without microglia only nonmicroglial-derived
macrophages occupied the degenerating gray matter (Fig. 10,
compare C, G and A, E). Depleting microglia did, however, sig-
nificantly reduce the neuroprotective effects of LPSx4. Notably,
in PLX1LPSx4 mice, significant neuronal loss was evident in the
ventral spinal cord gray matter, coincident with an increase in
the accumulation of dense foci of CD11b1P2RY12– monocyte-
derived macrophages (Fig. 10D,H,I). Also, without microglia,
LPSx4-treated mice developed consistent motor deficits during
open-field analysis (Fig. 10K). Nonsubjective quantitative TreadScan
and beam-walking assays, which assess fine motor skills includ-
ing coordination and postural balance, confirmed that micro-
glia were required for LPSx4 to confer optimal preservation of
neurologic function (Fig. 10K–M).

To confirm the relative efficiency of microglia depletion, tis-
sue sections were stained with the P2RY12 antibody that labels
a purinergic receptor expressed in the CNS only on microglia
(Butovsky et al., 2014). P2RY121 microglia, which are distrib-
uted throughout lesioned and intact spinal cord in vehicle1PBS
group (Fig. 10E), were absent in PLX1PBS mice (Fig. 10G), indi-
cating that PLX-mediated microglia depletion was efficient.

IL-1-dependent microglia–endothelia cross talk is necessary
to achieve optimal LPSx4-mediated neuroprotection after
ISCI
Data above suggest that the ability of LPSx4 to elicit reactive
microglia and confer optimal neuroprotection requires bidirec-
tional IL-1-dependent signaling between spinal cord endothelia
and microglia. To prove this, we again used mouse genetics to
probe IL-1R1 signaling in this context. Specifically, IL-1-depend-
ent signaling was inhibited via conditional deletion of IL-1R1 in
either microglia or endothelia using Cx3cr1-Cre-Il1r1f/f or Tie2-
Cre-Il1r1f/f mice, respectively. Mice in each group were injected
with LPSx4 then each received ISCI. Wild-type C57BL/6 mice
also received LPSx4, and ISCI and served as controls. Consistent
with data in Figure 8, the reactive microglia response that

Figure 9. LPSx4 is neuroprotective and prevents hindlimb paralysis after ISCI. Schematic
of the ISCI model: aneurysm clips are placed on the descending aorta of mice, reducing blood
flow to the thoracic and lumbar spinal cord. A, Spinal cord specimens freshly isolated from
PBSx4- and LPSx4-treated mice show that ISCI causes obvious vascular injury in spinal cords
of PBSx4 mice, but not in spinal cords from LPSx4 mice. B, D, F, Immunofluorescent double
staining for microglia/macrophages (CD11b; green) and neurons (NeuN; red) show that ISCI
causes consistent intraspinal inflammation and neuron loss in the thoracic (D) and lumbar
(F) spinal cord, but not in the cervical (B) spinal cord in C57BL/6 wild-type mice. C, E, G,
Immunofluorescence triple staining for microglia/macrophages (CD11b; green), endothelial
cells (CD31; red), and fibrinogen (blue), a circulating protein and biomarker of vascular per-
meability, shows that there is no increase in blood–spinal cord barrier permeability in the
cervical spinal cord after ISCI; fibrinogen labeling is restricted to the vascular lumen (C); con-
versely, plasma proteins leak into the spinal parenchyma at thoracic (E) and lumbar (G) spi-
nal levels. H, The magnitude of intraspinal fibrinogen accumulation by spinal levels is

/

quantified. I, In control (PBSx4) mice, ISCI causes intraspinal pathology and neuroinflamma-
tion that is identical to that in C57BL/6 ISCI mice (compare F, I). A, J–L, LPSx4 prevents this
ISCI-induced pathology (J) and reduces BSCB permeability (A, K, L); note that fibrinogen
labeling was restricted to the lumen of the spinal cord microvasculature (K). M, N, BMS
open-field locomotor analyses (M) and BMS subscores (N) reveal consistent and severe hind-
limb paresis/paralysis 24–48 h post-ISCI in control (PBSx4) mice. Conversely, only a subset
(n= 3 of 8) of LPSx4-treated mice develop mild neurologic impairment. O, P, While most
ventral horn motor neurons were lost in control mice, many NeuN1 motor neurons survive
throughout the ventral horn in LPSx4 mice. Q, R, Silver staining shows that ISCI causes neu-
ron degeneration (Q, white arrowheads) in both PBSx4 and LPSx4 mice but that significantly
less neurodegeneration occurs in LPSx4 mice (Q, R; dashed circles, healthy neurons). S, T,
Staining for autophagic neurons (LC31 red) reveals that ISCI increases autophagy in both
groups (S, white arrowheads), indicating a potential increase in autophagy-induced cell
death, but, again, the number of autophagic neurons is significantly reduced by LPSx4 (S, T).
Fibrinogen labeling (mean6 SEM) was analyzed using a one-way ANOVA (H) and t test (L)
with Bonferroni’s post hoc tests (PBSx4 vs LPSx4, n= 4 mice/group). Behavioral data (M, N)
are the mean 6 SEM and were generated from a single experiment and analyzed using
two-way ANOVA with Bonferroni’s post hoc tests (PBSx4 vs LPSx4, n= 8 mice/group). P, T:
Student’s unpaired two-sided t tests (P, n= 3 mice/group; T, n= 4 mice/group); R: one-way
ANOVA, (n= 4 mice/group). pp, 0.05, ppp, 0.01, and pppp, 0.001. Scale bars: A:
gross images of entire CNS, 0.5 cm; enlarged segment of spinal cord, 1.2 cm; F (for B, D,
F), 200mm; G (for C, E, G), 20mm; J (for I, J), 200mm; K, O, S, 20mm; Q, 50mm.
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develops throughout the spinal cord gray and white matter in
wild-type mice after LPSx4 was significantly impaired in Cx3cr1-
Cre-Il1r1f/f or Tie2-Cre-Il1r1f/f mice (Fig. 11A–D). Loss of IL-1
signaling in microglia or endothelia also diminished the neuropro-
tective effects of LPSx4; significant neuron loss was evident in ven-
tral horn gray matter of Cx3cr1-Cre-Il1r1f/f and Tie2-Cre-Il1r1f/f

mice relative to wild-type mice (Fig. 11E–H). Interestingly, however,

although loss of IL-1 signaling in microglia or endothelia cells
reversed the neuroprotective effects of LPSx4, this treatment still
protected mice from developing paralysis after ISCI. In fact, open-
field locomotor function was not visibly impaired in either Cx3cr1-
Cre-Il1r1f/f or Tie2-Cre-Il1r1f/f mice (data not shown). Together,
these data indicate that IL-1-dependent microglia–endothelia cross
talk is necessary to cause reactive microgliosis and to achieve

Figure 10. Microglia are required for optimal neuroprotection by LPSx4. A–H, Representative lumbar spinal cord cross sections after ISCI in PBSx4- or LPSx4-treated mice fed either vehicle
chow (A, B, E, F) or chow laced with the microglia-depleting CSF1R antagonist PLX (C, D, G, H). ISCI causes neuron loss and a florid intraspinal inflammatory response in PBSx4 control mice
(compare Fig. 9I). In PBSx4 mice, depleting microglia with PLX chow does not affect the pathology caused by ISCI (compare A, C). Conversely, the marked neuroprotection from ISCI conferred
by LPSx4 (B) is lost after pharmacological depletion of microglia (D). E–H, Staining for the microglia-specific marker P2RY12, which is prevalent in vehicle-fed mice (E, F) confirms depletion of
microglia in mice fed PLX (G, H). In PLX-fed mice, monocyte-derived CD11b1 macrophages infiltrate regions previously occupied by intact spinal cord gray matter. In H, note that without
microglia, monocyte-derived macrophages preferentially infiltrate the ventral horn, which is now devoid of surviving motor neurons (compare B, F with D, H). I, J, Average number of surviving
neurons in LPSx4-treated mice is significantly decreased if microglia are depleted before LPSx4 treatment (I) and is associated with a compensatory increase in presumptive CD11b1 monocyte-
derived macrophages in laminae IX (J). K, ISCI causes complete hindlimb paralysis after 3–4 d in control mice (vehicle1PBS and PLX1PBS), while LPSx4 (vehicle1LPS) significantly protects
mice from ischemia-induced neurologic impairment. This protection is significantly diminished without microglia (PLX1LPS). L, Nonsubjective quantitative analysis with TreadScan reveals that
without microglia, LPSx4 cannot preserve fine details of locomotor function; both run speed (solid lines) and regularity index (dashed lines) are reduced in PLX1LPS mice compared with
vehicle1LPS mice. M, Similarly, beam walk analysis reveals that without microglia (PLX1LPS), ISCI causes transient deficits in coordination and balance. K, L, Graphs are representative of two
independent experiments; data are the mean6 SEM. I, J, Student’s unpaired two-sided t tests (I; 3 mice/group; J, 3 and 5 mice/group). K–M, Two-way ANOVA with Bonferroni’s post hoc tests
(K, vehicle1PBS and PLX1PBS, n= 5 mice/group; vehicle1LPS and PLX1LPS, n= 13 mice/group; L, n= 9 mice/group; M, vehicle1LPS, n= 6 mice and PLX1LPS, n = 4 mice).
pp, 0.05; ppp, 0.01, and pppp, 0.01. Scale bar: H (for A–H), 200mm.
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optimal LPSx4-mediated neuroprotection after ISCI. However,
LPSx4 may trigger additional neuroprotective programs in micro-
glia that are IL-1 independent.

Discussion
Microglia regulate plasticity and immune surveillance through-
out the healthy and diseased CNS. Since microglia are ubiquitous
throughout the parenchyma and respond rapidly to cues in their
microenvironment, it would be advantageous if the repair func-
tions of these cells could be mobilized en masse to promote CNS
repair or limit tissue damage caused by trauma or disease. LPS
has long been known as a preconditioning stimulus that can pro-
tect the brain from ischemic injury, in part through the activa-
tion of microglia (Rosenzweig et al., 2004; Hickey et al., 2011;
Chen et al., 2012). However, whether LPS can elicit neuroprotec-
tive microglia in the spinal cord without causing concurrent
injury has not been determined. Here, we show that LPSx4 elicits
reactive spinal cord microglia defined by dramatic changes in
morphology, increased production of IL-1, and enhanced prolif-
eration. Importantly, these LPS-induced changes occur without
triggering leukocyte recruitment or neuropathology. This reac-
tive microglial response requires signals from spinal cord endo-
thelial cells which first sense circulating LPS. Reactive microglia
can then produce IL-1, which activates endothelia via IL-1R1-
mediated signaling. This paracrine signaling network amplifies a
neuroprotective microglia network that confers optimal protec-
tion against neuronal death and paralysis in a mouse model of
ISCI.

LPSx4 elicits a reactive spinal cord microglia response
marked by morphologic transformation and proliferation
LPS induces morphologic changes in brain microglia and
increases their ability to produce cytokines and reactive oxygen
species (Breder et al., 1994; Henry et al., 2009; Marsh et al.,

2009a; Chen et al., 2012). These effects have been attributed to
the activation of TLR4, and, to a lesser extent, CR3, CD14, and
scavenger receptor A (Wright et al., 1990; Flaherty et al., 1997;
Haworth et al., 1997; Zhang et al., 2014a). However, unlike the
brain, where LPS diffuses into the neural parenchyma through
leaky endothelial cells in the circumventricular organs and then
directly activates microglial TLR4, LPS cannot cross the blood–
spinal cord barrier (Banks and Robinson, 2010). Therefore, in
the intact spinal cord, LPS must activate microglia indirectly via
cross talk with other cells. Since TLR4 is expressed at high levels
in the endothelial lumen, endothelia are likely to be the first cells
that bind LPS (Mallard, 2012). Consistent with this hypothesis,
the most robust response to LPSx4 was observed on perivascular
microglia in the gray matter of the cervical and lumbar enlarge-
ments, which are more densely vascularized than thoracic spinal
segments (Mautes et al., 2000). A major cytokine associated with
the induction of reactive microglia was IL-1; reactive microgliosis
was reduced in the absence of IL-1a or IL-1b . IL-1 is considered
a short-range communication molecule that acts predominantly
in an autocrine or paracrine manner (Bruttger et al., 2015). IL-1
can stimulate cells with a low receptor number (,100/cell) by
initiating intracellular NF-kB cascades (Rothwell and Luheshi,
2000). Thus, IL-1-mediated intracellular signal amplification
would explain progressively increasing microglia/endothelial
responses with each successive LPS injection.

How does LPSx4 confer neuroprotection?
Given that endotoxin (LPS) causes vasodilation, one might pre-
dict that serial LPS injections could protect the spinal cord from
ischemic injury by increasing blood flow through spinal collater-
als. However, although LPS causes vasodilation, it also causes
profound systemic hypotension, which would reduce spinal cord
perfusion pressure and exacerbate, rather than reduce, spinal
cord pathology. This is what occurred in a canine model of spinal

Figure 11. IL-1-dependent endothelial–microglial cross talk contributes to LPSx4-mediated neuroprotection. A–C, E–G, Representative cross sections of ischemic lumbar spinal cords of
wild-type (A, E), Cx3cr1-Cre-Il1r1f/f (B, F), or Tie2-Cre-Il1r1f/f (C, G) mice treated with LPSx4. To reveal the effects of ISCI on neurons, sections were stained with anti-NeuN antibodies (red; A–C)
or cresyl violet (E–G). D, Loss of IL-1R1 in microglia or endothelia impairs the ability of LPSx4 to elicit reactive inflammation; this effect is most profound when IL-1-dependent signaling is abol-
ished in microglia (compare CD11b; B, C, green labeling). cresyl violet stains show an obvious loss of neurons in ventral horn when IL-1R1 is specifically deleted from microglia (compare E, F)
or endothelial cells (compare E, G). H, Quantification of laminae IX motor neurons reveals loss of LPSx4-mediated neuroprotection when IL-1R1 is deleted from microglia or endothelial cells.
The graph is representative of one independent experiment; data are the mean6 SEM; one-way ANOVA with Bonferroni’s post hoc tests (C57BL/6, n= 5 mice; Cx3cr1-Cre-Il1r1f/f, n= 4 mice;
Tie2-Cre-Il1r1f/f, n= 2 mice). pp, 0.05, ppp, 0.01, pppp, 0.001. Scale bar: C (for A–G), 200mm.
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cord ischemia when nitroprusside, a potent vasodilatory agent
injected at the time of the aortic cross clamp, alleviated systemic
hypertension caused by the cross-clamp procedure, but in doing
so, the drug significantly reduced spinal cord perfusion pressure
(Shine and Nugent, 1990). Instead, a more likely explanation for
how LPS confers protection from ISCI is by maintaining integ-
rity of the blood–spinal cord barrier. Recent data indicate that
systemic injections of LPS can trigger CCR5-dependent recruit-
ment of microglia to brain endothelia, and this increases the
expression of endothelial tight-junction proteins (Haruwaka et
al., 2019). Although we did not evaluate tight-junction proteins
after ISCI, LPSx4 consistently promotes microglia–endothelia
coupling in the spinal cord and also abolished vascular injury
caused by ISCI (as determined by fibrinogen labeling).

Other mechanisms of LPSx4-mediated protection must also
be considered in future studies, including the role played by pat-
tern recognition receptors expressed by endothelia and/or micro-
glia. In experimental models of ischemic brain injury, the
neuroprotective effects of LPS preconditioning have been linked
to TLR activation and the downstream synthesis of select inflam-
matory cytokines (Ahmed et al., 2000; Rosenzweig et al., 2004;
Marsh et al., 2009b; Larochelle et al., 2015). It is unclear which
cytokines are required. For example, blocking TNF, but not IL-1,
inhibited the neuroprotective effects of LPS in a model of cere-
bral ischemia (Tasaki et al., 1997). In the same model, intraven-
tricular delivery of TNF or interferon-b alone recapitulated the
protective effects of LPS, whereas intravenous or intraperitoneal
injection of TNF did not (Nawashiro et al., 1997; Marsh et al.,
2009b).

In spinal cord, the benefits of LPS preconditioning have been
described only in the context of traumatic SCI (Hayakawa et al.,
2014; Li et al., 2014, 2016). Because traumatic SCI cannot be pre-
dicted, preconditioning is of little clinical value in this context.
However, preconditioning is a viable preventative therapy for
planned surgeries, notably aortic aneurysm repair, where ISCI is
a common complication (Rosenthal, 1999; Awad et al., 2017).
Data in this report indicate that LPS-induced priming of IL-1-de-
pendent microglia–endothelia cross talk protects the spinal cord
from ischemic injury. Future studies are needed to reveal the
cadre of neuroprotective cellular and molecular cascades that
are initiated downstream of microglial–endothelia activation.
For example, microglia-derived cytokines, including IL-1, can
increase neuronal expression of neuroprotective proteins includ-
ing Bcl-2, MnSOD, and Nrf2 (Tamatani et al., 1999; Wilde et al.,
2000; Li et al., 2016). Compensatory anti-inflammatory cascades
also are expected to be triggered as a result of the reactive micro-
glia response. After IL-1b is released, its biological effects are
tightly regulated by production of IL-1RA, soluble IL-1R1 (sIL-
1R1), sIL-1R2, and sIL-1RAcP (Allan et al., 2005). The enhanced
expression of these inhibitors at the time of ischemic insult
undoubtedly protects against toxic neuroinflammatory cascades.

Microglia-dependent, IL-1-independent neuroprotective mech-
anisms are also suspected. Indeed, in the absence of microglia, ISCI
caused notable loss of spinal cord ventral horn motor neurons and
neurologic impairment. Neuron loss was also observed after ISCI
when IL-1R was deleted from microglia; however, hindlimb paraly-
sis did not develop in these mice, suggesting that either a threshold
of neuron loss is necessary before hindlimb motor function is
impaired or that LPSx4 elicits additional neuroprotective programs
inmicroglia that are IL-1 independent. For example, reactive micro-
glia primed by LPS could change motor neuron excitability. In the
brain, microglia activated by LPS ensheath cortical neurons, displac-
ing presynaptic terminals from neuronal perikarya (Paolicelli et al.,

2011; Chen et al., 2012). This LPS-induced “synaptic stripping” was
found to protect injured cortical neurons by specifically removing
inhibitory GABAergic nerve terminals, leading to upregulation of
antiapoptotic and growth-associated molecules (Hardingham et al.,
2002; Hossain-Ibrahim et al., 2006; Chen et al., 2012, 2014; Gao et
al., 2014). In the spinal cord, LPSx4 also enhances the number of re-
active microglia that abut spinal motor neurons. It is expected that
any meaningful neuroprotection conferred by perineuronal micro-
glia would require multiple systemic injections of LPS since consist-
ent intraspinal reactive microgliosis was not achieved unless mice
received four daily systemic injections of LPS.

Optimizing the therapeutic window and determining the
requirements for reprogramming microglia for
neuroprotection
In the present study, mice were injected with four doses of LPS
before ISCI. It is not known whether LPSx4 would still confer
protection to the spinal cord if it were started after ISCI. It is also
not known whether reactive spinal cord microglia primed by
LPSx4 would maintain their neuroprotective phenotype weeks
or months after stimulation. Since microglia are long lived cells,
it is important to know whether they can be imprinted with mo-
lecular “memories,” akin to how conventional vaccinations boost
the functional potential of adaptive immune cells. Recent data
indicate that repeat systemic injections of LPS can induce train-
ing or tolerance in brain microglia (i.e., different forms of “innate
immune memory” that are dependent on the number of succes-
sive LPS injections; Wendeln et al., 2018). One or two consecu-
tive systemic injections of LPS induces training marked by
exaggerated production of inflammatory cytokines in the brain.
Conversely, three or four LPS injections induce tolerance.
Trained and tolerized microglia have unique epigenetic and tran-
scriptomic signatures and when these distinct microglia pheno-
types were activated in models of Alzheimer’s disease or stroke,
they differentially affected brain pathology—trained microglia
exacerbated pathology while tolerized microglia conferred pro-
tection. Given that endotoxin has been proposed as a trigger for
neurodegenerative disease (Brown, 2019), it is unlikely that, de-
spite its utility to elicit neuroprotection, it would be widely
accepted as a preventative therapy, even for individuals who are
at higher risk of acquiring a CNS injury because of an elective
surgery, participation in extreme or contact sports, or serving in
the military. Instead, systemic injections of cytokines and other
widely used vaccines (e.g., BCG) can also trigger innate immune
memory and might represent viable therapeutic strategies, espe-
cially if they trigger epigenetic and transcriptomic changes in spi-
nal cord microglia that mirror the effects of LPSx4.

In summary, like in the brain, LPSx4 is a robust and repro-
ducible tool for triggering spinal cord neuroprotection—a
response that involves IL-1-dependent cross talk between spinal
cord microglia and endothelial cells. Continued use of this
powerful research tool should help to reveal how to reprogram
microglia to provide neuroprotection. This could have broad
therapeutic implications that would benefit individuals at risk of
developing intraspinal neuropathology.
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