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Complex regional pain syndrome (CRPS) is a chronic pain disorder with a clear acute-to-chronic transition. Preclinical stud-
ies demonstrate that toll-like receptor 4 (TLR4), expressed by myeloid-lineage cells, astrocytes, and neurons, mediates a sex-
dependent transition to chronic pain; however, evidence is lacking on which exact TLR4-expressing cells are responsible. We
used complementary pharmacologic and transgenic approaches in mice to more specifically manipulate myeloid-lineage TLR4
and outline its contribution to the transition from acute-to-chronic CRPS based on three key variables: location (peripheral
vs central), timing (prevention vs treatment), and sex (male vs female). We demonstrate that systemic TLR4 antagonism is
more effective at improving chronic allodynia trajectory when administered at the time of injury (early) in the tibial fracture
model of CRPS in both sexes. In order to clarify the contribution of myeloid-lineage cells peripherally (macrophages) or cen-
trally (microglia), we rigorously characterize a novel spatiotemporal transgenic mouse line, Cx3CR1-CreERT2-eYFP;TLR4fl/fl

(TLR4 cKO) to specifically knock out TLR4 only in microglia and no other myeloid-lineage cells. Using this transgenic mouse,
we find that early TLR4 cKO results in profound improvement in chronic, but not acute, allodynia in males, with a signifi-
cant but less robust effect in females. In contrast, late TLR4 cKO results in partial improvement in allodynia in both sexes,
suggesting that downstream cellular or molecular TLR4-independent events may have already been triggered. Overall, we find
that the contribution of TLR4 is time- and microglia-dependent in both sexes; however, females also rely on peripheral mye-
loid-lineage (or other TLR4 expressing) cells to trigger chronic pain.
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Significance Statement

The contribution of myeloid cell TLR4 to sex-specific pain progression remains controversial. We used complementary phar-
macologic and transgenic approaches to specifically manipulate TLR4 based on three key variables: location (peripheral vs
central), timing (prevention vs treatment), and sex (male vs female). We discovered that microglial TLR4 contributes to early
pain progression in males, and to a lesser extent in females. We further found that maintenance of chronic pain likely occurs
through myeloid TLR4-independent mechanisms in both sexes. Together, we define a more nuanced contribution of this re-
ceptor to the acute-to-chronic pain transition in a mouse model of complex regional pain syndrome.

Introduction
Chronic pain affects 100 million people in the United States
alone at an estimated cost of $635 billion/year in medical treat-
ment and lost productivity (Institute of Medicine, 2011). Pain is
ultimately mediated by primary sensory neurons that undergo
peripheral sensitization, and CNS neurons subject to central sen-
sitization-induced neural plasticity. However, these neurons are
heavily influenced by circulating and resident immune cells in
their environment (Xanthos and Sandkuhler, 2014). This innate
immune response involves, among other populations, myeloid-
lineage cells peripherally as inflammatory monocytes, and cen-
trally as yolk sac-derived microglia. Several substances released
from injured neurons have been postulated to contribute to
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microglial activation in pain states, including ATP acting on P2X
receptors (Tsuda et al., 2003) and CSF1 signaling through CSF1R
(Guan et al., 2016). Most controversial, however, has been the
involvement of the damage-associated molecular pattern recep-
tor, toll-like receptor 4 (TLR4). TLR4 is expressed by all myeloid
lineage cells, and likely astrocytes and neurons as well (Ji et al.,
2016), and was first suggested as a key trigger for microglial
activation after genetic or RNAi-mediated knockdown resulted
in decreased microglial activation and suppressed the develop-
ment of neuropathic pain (Tanga et al., 2005). Subsequent work
looking at limited time points suggested that TLR4 functionally
contributes to chronic pain in a sex-specific manner, with modu-
lation of this receptor only effective at improving pain in male
preclinical pain models (Sorge et al., 2011, 2015). Importantly,
however, other studies were not able to replicate this TLR4-
related sex difference (Agalave et al., 2014) or found it to depend
on the paradigm and timing of TLR4 modulation (Woller et al.,
2016). Previous work has been based either on systemically avail-
able TLR4 antagonists that affect peripheral and central myeloid
lineage cells, or constitutive TLR4 KOs in which germline dele-
tion or formation of a dominant negative receptor would affect
all TLR4-expressing cells and carries the possibility of compensa-
tory changes during development. In the current studies, we took
advantage of a unique TLR4 KO mouse (Cx3CR1-CreERT2-eYFP;
TLR4fl/fl) generated to provide spatiotemporal control of gene
knockdown to more precisely define the sex-specific contribution
of myeloid-lineage TLR4 to chronic pain.

Materials and Methods
Animals. All procedures were approved by the Stanford University

Administrative Panel on Laboratory Animal Care and the Veterans
Affairs Palo Alto Health Care System Institutional Animal Care and
Use Committee in accordance with American Veterinary Medical
Association guidelines and the International Association for the Study of
Pain. Male and female adult mice 10-12weeks old at the start of the
experiments were used and housed 2-5 per cage maintained on a 12 h
light/dark cycle in a temperature-controlled environment with ad libi-
tum access to food and water. Male mice weighed ;25 g at the start of
the study, and female mice weighed;20 g at the start of the study. Mice
used in this study: WT C57BL/6J mice (Jax stock #00664), Cx3CR1-
CreERT2-eYFP (Jax stock #021160) (Parkhurst et al., 2013), B6.Cg-Gt
(ROSA)26Sortm14(CAG-tdTomato)Hze/J (“Ai14”, Jax stock #007914), and
TLR4fl (Jax stock #024872). In order to confirm the expression pattern
and tamoxifen dependence of the Cx3CR1-CreERT2-EYFP line, we first
crossed these mice to the Ai14 strain which has a loxP-flanked STOP
cassette preventing transcription of the red fluorescent protein,
tdTomato. To specifically and conditionally ablate TLR4 in myeloid line-
age cells, we crossed mice bearing a conditional allele of the Tlr4 gene
containing loxP sites flanking exon 3 generated previously (McAlees et
al., 2015) with homozygous Cx3CR1-CreERT2-eYFP with subsequent back-
crosses to generate Cx3CR1-CreERT2-eYFP/1;TLR4fl/fl mice (TLR4 cKO).
Mouse genotypes from tail biopsies were determined using real-time
PCR with specific probes designed for each gene (Transnetyx). Control
subjects for all behavioral studies were mice without the TLR4fl/fl alleles:
Cx3CR1-CreERT2-eYFP/1;TLR41/1 that received tamoxifen with the same
dosing and administration schedule as experimental mice. In some cases,
Cx3CR1-CreERT2-eYFP/1;TLR4fl/fl that did not receive tamoxifen were
used as controls and no difference was seen between these and other lit-
termate (Cx3CR1-CreERT2-eYFP/1;TLR41/1) controls.

Drugs and route of administration. Tamoxifen (Sigma Millipore,
T5648) was dissolved in corn oil at a concentration of 25mg/ml. Mice
were dosed intraperitoneally with 100mg/kg for 5 d; 100mg/ml TAK242
in DMSO (MedChem Express, HY-11109) was diluted to 0.5mg/ml in
sterile water. Mice were administered 3mg/kg intraperitoneally TAK242
daily, or equivalent volume of 1% DMSO in water, for 14d starting

either at the time of surgery (early) or at 3weeks after injury (late). The
TLR4 antagonist, lipopolysaccharide (LPS) from Rhodobacter spheroides
(LPS-rs) (Invivogen), was dissolved in sterile saline to a concentration of
2mg/ml and 10 mg. LPS-rs was injected intrathecally using a Hamilton sy-
ringe with attached 30 gauge needle advanced at the lumbar spinal cord
until a characteristic tail flick was noted.

The CCR2 antagonist, RS504393 (Santa Cruz Biotechnology), was
dissolved in DMSO to administer 5mg/kg/day via subcutaneous Alzet
mini-pump (model 1002, 100ml volume, 0.25ml/hr, Alzet). Pumps deliv-
ering vehicle or RS504393 were placed subcutaneously in mice under
isoflurane anesthesia through a 10 mm incision on the back which was
then closed with surgical staples. Mini-pumps were removed after
2weeks by reopening the prior incision under isoflurane anesthesia.

Tibial fracture complex regional pain syndrome (CRPS) model. Mice
were anesthetized with isoflurane and underwent a closed right distal
tibia fracture followed by casting. Briefly, the right hindlimb was
wrapped in gauze, and a hemostat was used to make a closed fracture of
the distal tibia. The hindlimb was then wrapped in casting tape
(ScotchCast Plus) from the metatarsals of the hindpaw up to a spica
formed around the abdomen to ensure that the cast did not slip off. The
cast over the paw was applied only to the plantar surface with a window
left open over the dorsum of the paw and ankle to prevent constriction
when postfracture edema developed. Mice were inspected throughout
the postoperative period of cast immobilization to ensure that the cast
was properly positioned. At 3weeks after fracture, mice were briefly
anesthetized, and casts were removed with cast shears. For behavioral
testing, mice were tested beginning one day after cast removal at week 3
until week 20 after fracture, as indicated in each section below. CRPS
model generation and behavioral testing were conducting following
well-established methods for evaluating mouse behavior in the tibial
fracture-casting model of CRPS (Birklein et al., 2018; Guo et al., 2014).

Behavioral testing. To ensure rigor in our findings and avoid the
contribution of experimenter sex to our behavioral data, experimenters
were female or there was a female scientist’s lab coat in the room during
acclimation and testing (Sorge et al., 2014). In vivo behavioral testing
was performed in a blinded fashion to the extent possible. All testing was
conducted between 7:00 A.M. and 1:00P.M. in an isolated, temperature-
and light-controlled room. Mice were acclimated for 30-60min in the
testing environment within custom clear plastic cylinders (4 inch D) on
a raised metal mesh platform (24 inch H). Mice were randomized by
simple selection from their home cage before testing, and placed in a cyl-
inder; after testing, mouse identification numbers were recorded on the
data sheet. No mice were excluded from the study.

Mechanical nociception assays. To evaluate mechanical reflexive
hypersensitivity, we used a logarithmically increasing set of 8 von Frey
filaments (Stoelting), ranging in gram force from 0.007 to 6.0 g. These
were applied perpendicular to the plantar hindpaw with sufficient force
to cause a slight bending of the filament. A positive response was charac-
terized as a rapid withdrawal of the paw away from the stimulus filament
within 4 s. Using the up-down statistical method (Chaplan et al., 1994),
the 50% withdrawal mechanical threshold scores were calculated for
each mouse and then averaged across the experimental groups.
Mechanical nociception testing was performed at baseline, then at weeks
3, 5, 7, 9, 12, and 20 after fracture, as indicated in the figures.

Paw edema, unweighting, and temperature measurements. Hindpaw
edema was determined by measuring the hindpaw dorsal-ventral thickness
over the midpoint of the third metatarsal with a LIMAB laser measurement
sensor (LIMAB) while the mouse was briefly anesthetized with isoflurane.
Temperature and hindpaw thickness data were analyzed as the difference
between the fracture side and the contralateral intact side and averaged across
experimental groups. Paw edema was measured at week 3 after fracture.

An incapacitance device (IITC Life Science) was used to measure
hindpaw unweighting. Mice were manually held in a vertical position
over the apparatus with the hindpaws resting on separate metal scale
plates, and the entire weight of the mouse was supported on the hind-
paws. The duration of each measurement was 6 s, and 6 consecutive
measurements were taken at 60 s intervals. Six readings were averaged to
calculate the bilateral hindpaw weight-bearing values. Unweighting was
measured at baseline and then again at week 3 after fracture.
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The temperature of the hindpaw was measured using a fine-gauge
thermocouple wire (Omega). Temperature testing was performed over
the hindpaw dorsal skin between the first and second metatarsals
(medial), the second and third metatarsals (central), and the fourth and
fifth metatarsals (lateral). The measurements for each hindpaw were
averaged for the mean paw temperature. Data were expressed as the av-
erage difference between the ipsilateral and contralateral hindpaw within
an experimental group. Paw temperature was measured at week 3 after
fracture.

Thermal nociception assays. To evaluate thermal-induced reflexive
responses, we used the hotplate test (plate temperature was set to 52.5°
C). Mice were placed on the plate and the latency (seconds) to the first
appearance of a reflex response was recorded as a positive reflex with-
drawal response. A maximal cutoff of 45 s was set to prevent tissue dam-
age. Only one exposure to the hotplate was applied, to prevent
behavioral sensitization that can result from multiple noxious exposures.
Measurements were made at 5weeks after fracture.

To evaluate affective-motivational (nonreflexive) responses to a sus-
tained, inescapable noxious thermal stimulus, mice were placed on a
52.5°C hot plate for 45 s consistent with our previous use of this
approach (Corder et al., 2017). A high-speed camera (on the side, level
with the hot plate floor) was used to capture the movement, speed, veloc-
ity, and detailed reflexive and affective-motivational behaviors of the
mice. We scored all behaviors, such as reflexive paw flinching (rapid
flicking of the limb), paw attending (directed licking of the limb), paw
guarding (intentional lift protection of the limb), and escape jumping for
the duration of the trial. Videos were then scored blinded to treatment,
for the total time spent engaging in reflexive (flinching) and nonreflexive
(jumping, licking, guarding) behaviors, in addition to the latency to the
first reflexive response, as previously described (Corder et al., 2017).

Immunohistochemistry. Mice (12-30weeks) were transcardially per-
fused with 10% formalin in PBS. The spinal cord (lumbar cord L3-L5
segments) was dissected from the mice, cryoprotected in 30% sucrose in
PBS, and frozen in OCT (Fisher Healthcare Tissue-Plus). Spinal cord
sections (40mm) were prepared using a cryostat (Leica Biosystems) and
incubated in blocking solution (5% normal donkey serum and 0.3%
Triton X-100 in PBS) for 1 h at room temperature followed by incuba-
tion with primary antibodies at 4°C overnight. The following primary
antibodies were used: rat anti-CD11b (Bio-Rad, #MCA711G, 1:500),
mouse anti-GFAP (Sigma Millipore, #G3893, 1:400), rabbit anti-Iba1
(Wako, #019-19 741, 1:500), and goat anti-GFP (Abcam, #ab6673,
1:1000). After extensive wash with 1% normal donkey serum and 0.3%
Triton X-100 in PBS, sections were incubated with appropriate second-
ary antibody conjugated to AlexaFluor for 2 h at room temperature.
Sections were counterstained with DAPI and mounted on slides using
Fluoromount aqueous mounting medium (Thermo Fisher Scientific,
#00-4959-52). Images were collected with a Keyence BZ-X800 fluores-
cent microscope (Keyence) using the sectioning module to remove non-
focused light using the 20� or 60� objective magnification. Each image
was taken with identical exposure with 0.4-mm-step z stacks of 19 slices.
We collected 3-6 dorsal horn images per mouse to evaluate the relative
cellular expression of Iba1 and GFAP in the spinal cord dorsal horn.
Images were analyzed using ImageJ/FIJI (Schindelin et al., 2012) by out-
lining the dorsal horn and setting the threshold to detect only the area of
staining and not the background. An identical threshold was then set for
all the images and expressed as percent staining Iba1 or GFAP-positive
over the entire area of the dorsal horn. The results were then normalized
to TLR41/1 controls that also underwent fracture (the same TLR41/1

controls were used for early and late TLR4 cKO IHC), and final data are
shown as % Iba11/control or % GFAP1/control. In addition, we eval-
uated the expression of Iba1 and GFAP in individual Rexed laminae
I–IV of the spinal cord dorsal horn by setting laminar boundaries in
NeuN-stained spinal cord based on neuronal density. These laminar
boundaries were then used to set each image for quantification using
ImageJ/FIJI by outlining each respective lamina and setting thresholds
identical to the total spinal cord dorsal horn.

qRT-PCR. Tissue was collected and placed in TRIzol Reagent
(Invitrogen, #15596018). Once all samples were collected, the tissue was
homogenized and placed in �20°C until the RNA isolation step. Sorted

cells were collected directly into Lysis Buffer RLT (QIAGEN, #74034).
Once all samples were collected, the cells were stored at �80°C until the
RNA isolation. RNA was isolated per the manufacturer’s instructions.
The concentration and purity of RNA samples were determined using
NanoDrop 2000 (Thermo Fisher Scientific) for tissue samples and using
the RNA pico assay on the Agilent 2100 Bioanalyzer (Agilent
Technologies) for sorted cells. RNA was reverse transcribed with RT2

First Strand Kit per manufacturer’s instructions (QIAGEN, #330404).
qPCR analysis was performed with PowerUp SYBR Green Master

Mix (Thermo Fisher Scientific, #A25741) and RT2 qPCR Primer Assays
for Itgam (QIAGEN, #PPM03671F), Gapdh (QIAGEN, #PPM02946E),
and Tlr4 (QIAGEN, #PPM04207F) on an Applied Biosystems 7900HT
or on an Applied Biosystems StepOnePlus. Appropriate no reverse-tran-
scriptase and no template controls were used for each 96- or 384-well
PCR reaction. The cycle conditions were as follows: 50°C for 2min, 95°C
for 2min, then 40 cycles of 15 s at 95°C, 1min at 60°C. Dissociation
analysis was performed at the end of each run to ensure specificity.
Relative quantification of gene expression was performed via 2-DDC(T)

method (Livak and Schmittgen, 2001).
Brain and spinal cord cell dissociation. Mice were anesthetized with

120mg/kg ketamine and 5mg/kg xylazine and perfused with 15 ml ice-
cold Medium A (50 ml 1� HBSS without Ca21 or Mg21 [Invitrogen,
#14185052], 750ml 1 M HEPES [Invitrogen, #15630080], 556ml 45% glu-
cose [Sigma Millipore, #G8769]). Brains or spinal cords were placed in 2
ml Medium A1 80ml DNase I (12,400 units/ml, Worthington,
#LS002007) until all samples were dissected. Samples were dounce-ho-
mogenized, passed through a 100mm strainer, washed with 5 ml
Medium A, and spun down by centrifugation at 340 � g for 7min at 4°
C. Supernatant was suctioned, and pellets were resuspended in 6 ml 25%
Standard Isotonic Percoll (GE Healthcare, #17-5445-02 with 10% 10�
PBS) in Medium A. The suspension underwent centrifugation for
20min at 950 � g at 4°C to remove myelin. Supernatant was discarded;
then the pellet was washed with 5 ml Medium A and spun down by cen-
trifugation at 340 � g for 7min at 4°C. Cells were resuspended in FACS
buffer (5 mM EDTA in 1% BSA in 1� PBS).

Spleen cell dissociation. Spleens were collected at the same time as
brain or spinal cord collection and placed in 5 ml 1� PBS without
Ca21 or Mg21 until all tissue was collected. Spleens were homoge-
nized by placing the tissue between two slides until a homogeneous
solution was obtained, then immediately passed through a 100mm
strainer and washed with 5 ml 1� PBS. Samples were spun down by
centrifugation at 340 � g for 7min at 4°C. Cells were resuspended in
2 ml ACK lysing buffer (Invitrogen, #A1049201) and placed in a ro-
tator for 5min at room temperature; then cells were spun down at
300 � g for 5min at 4°C. ACK lysing buffer was suctioned off and
resuspended in 5 ml 1� PBS, then spun down by centrifugation at
340 � g for 7min at 4°C. PBS was suctioned off and cells were resus-
pended in FACS buffer.

Flow cytometry and FACS. The following antibodies were used for
flow cytometry: e450-conjugated anti-CD3 (eBioscience, #48-0031-82),
e450-conjugated anti-CD19 (eBioscience, #48-0193-82), PE-Cy7-conju-
gated anti-CD45 (Biolegend, #103114), and APC-conjugated anti-
CD11b (Biolegend, #101212). Dead cells were stained with 1:1000
SYTOX Blue (Invitrogen, #S34857). Cell suspension was then spun
down at 300� g for 5min at 4°C. The FACS buffer supernatant was suc-
tioned off, and cells were resuspended in fresh FACS buffer. Before
staining, all samples were preblocked with 1:100 anti-CD16/CD32 (BD
Pharmingen, #553142) for 5min at room temperature. Afterward, all
antibodies were added to the samples at 1:100 along with 1:1000 SYTOX
Blue and placed on ice for 30min. Samples were spun down for 5min at
400 � g at 4°C, suctioned, and replaced with fresh FACS buffer.
Suspension was then spun down for 5min at 400 � g at 4°C.
Supernatant was suctioned off; then cells were again resuspended in
FACS buffer and passed through 35mm filter into polystyrene tubes.
Samples were analyzed by flow cytometry in an LSRII (BD Biosciences)
or analyzed and sorted using a BD Aria II (BD Biosciences). Flow cytom-
etry analysis was done using FlowJo version 10.6.2. Single cells were
gated for live (SYTOX blue negative), CD19– CD3– CD45mid then
CD11b1 and Cx3CR1-YFP1 to isolate microglia from spinal cord or
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Table 1. Student's t test and one- or two-way ANOVA with their respective post-hoc comparisons for each figure

Figure Test Post hoc comparison

1B Ordinary one-way ANOVA Dunnett’s test
Males: F(6,35) = 35.60, p, 0.0001 Baseline � Fracture at 3 weeks: p, 0.0001, at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001, at 9

weeks: p, 0.0001, at 12 weeks: p, 0.0001, at 20 weeks: p= 0.0067
Females: F(6,35) = 32.99, p, 0.0001 Baseline � Fracture at 3 weeks: p, 0.0001, at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001, at 9

weeks: p, 0.0001, at 12 weeks: p, 0.0001, at 20 weeks: p= 0.0315
1C Paired t test NA

Males: t= 12.24, p= 0.0012
Females: t= 12.69, p= 0.0011

1D Unpaired t test NA
Males: t= 8.481, p, 0.0001
Females: t= 14.53, p, 0.0001

1E Unpaired t test NA
Males: t= 8.436, p, 0.0001
Females: t= 18.35, p, 0.0001

2C Two-way ANOVA: Bonferroni’s test
Interaction: F(6,58) = 4.975, p= 0.0004 Vehicle � Early TAK at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001
Time effect: F(3,58) = 134.1, p, 0.0001 Vehicle � Late TAK at 5 weeks: p, 0.0001, at 7 weeks: p= 0.0376
Treatment effect: F(2,58) = 17.51, p, 0.0001 Early TAK � Late TAK at 7 weeks: p= 0.0121

2D Two-way ANOVA: Bonferroni’s test
Interaction: F(6,57) = 8.173, p, 0.0001 Vehicle � Early TAK at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001
Time effect: F(3,57) = 113.3, p, 0.0001 Vehicle � Late TAK at 5 weeks: p, 0.0001
Treatment effect: F(2,57) = 13.26, p, 0.0001 Early TAK � Late TAK at 7 weeks: p= 0.0002

2E Ordinary one-way ANOVA Tukey’s test
Males: F(2,19) = 6.212, p= 0.0084 Vehicle � Treatment for early TAK: p= 0.0141, for late TAK: p= 0.0396

2F Ordinary one-way ANOVA Tukey’s test
Females: F(2,19) = 10.94, p, 0.0001 Vehicle � Treatment for late TAK: p= 0.0005

2G Two-way ANOVA: Bonferroni’s test
Interaction: F(18,252) = 2.568, p= 0.0006 Male vehicle � Male LPS-rs at 1 h: p= 0.0253, at 2 h: p= 0.0002, at 4 h: p= 0.0001
Time effect: F(6,252) = 195.4, p, 0.0001 Male LPS-rs � Female LPS-rs at 1 h: p= 0.0474, at 2 h: p= 0.0026, at 4 h: p= 0.0001
Treatment effect: F(3,252) = 9.219, p, 0.0001

2H Two-way ANOVA: Bonferroni’s test
Interaction: F(9,144) = 8.462, p, 0.0001 Female vehicle � Female RS504393 at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001
Time effect: F(3,144) = 221.4 , p, 0.0001 Male RS504393 � Female RS504393 at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001
Treatment effect: F(3,144) = 26.24, p, 0.0001

3F Ordinary one-way ANOVA Tukey’s test
CNS: F(2,9) = 19.31, p= 0.0006 Control � TLR4 cKO at 7 d: p= 0.0005, at 28 d: p= 0.0054

3G Ordinary one-way ANOVA Tukey’s test
Spleen: F(2,7) = 5.199, p= 0.0413 Control � TLR4 cKO at 7 d: p= 0.0944, at 28 d: p= 0.9920

3H Ordinary one-way ANOVA Tukey’s test
Microglia: F(2,3) = 1108, p, 0.0001 Control � TLR4 cKO in male: p, 0.0001, in female: p, 0.0001

4B Two-way ANOVA: Bonferroni’s test
Interaction: F(18,147) = 10.47, p, 0.0001 Male control � Male early TLR4 cKO at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001, at 9 weeks:

p, 0.0001, at 12 weeks: p= 0.0105
Time effect: F(6,147) = 135.7, p, 0.0001 Female control � Female early TLR4 cKO at 7 weeks: p= 0.0010, at 9 weeks: p= 0.0125, at 12 weeks:

p= 0.0009
Genotype effect: F(3,147) = 48.95, p, 0.0001 Male early TLR4 cKO � Female early TLR4 cKO at 5 weeks: p, 0.0001, at 7 weeks: p, 0.0001, at 9

weeks: p, 0.0001
4C Unpaired t test NA

Males: t= 4.539, p= 0.0027
4D Unpaired t test NA

Females: t= 0.6142, p= 0.5561
4H Unpaired t test NA

Males: t= 2.307, p= 0.0499
4J Unpaired t test NA

Males: t= 0.8198, p= 0.4361
4N Unpaired t test NA

Females: t= 0.3177, p= 0.7589
4P Unpaired t test NA

Females: t= 0.8877, p= 0.4006
5B Unpaired t test NA

Males: t= 3.825, p= 0.0065
5D Unpaired t test: Lamina I NA

Males: t= 3.530, p= 0.0096
Unpaired t test: Lamina II NA

(Table continues.)
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Table 1. Continued

Figure Test Post hoc comparison

Males: t= 3.131, p= 0.0166
Unpaired t test: Lamina III NA
Males: t= 3.633, p= 0.0084
Unpaired t test: Lamina IV NA
Males: t= 3.676, p= 0.0079

5E Unpaired t test NA
Males: t= 2.768, p= 0.0278

5G Unpaired t test: Lamina I NA
Males: t= 1.019, p= 0.3420
Unpaired t test: Lamina II NA
Males: t= 2.673, p= 0.0319
Unpaired t test: Lamina III NA
Males: t= 1.908, p= 0.0980
Unpaired t test: Lamina IV NA
Males: t= 1.707, p= 0.1316

6B Unpaired t test NA
Males: t= 0.7979, p= 0.4480

6C Unpaired t test: Lamina I NA
Males: t= 0.1327, p= 0.8977
Unpaired t test: Lamina II NA
Males: t= 0.5364, p= 0.6062
Unpaired t test: Lamina III NA
Males: t= 1.041, p= 0.3281
Unpaired t test: Lamina IV NA
Males: t= 1.126, p= 0.2928

6D Unpaired t test NA
Males: t= 1.066, p= 0.3174

6E Unpaired t test: Lamina I NA
Males: t= 0.5622, p= 0.5894
Unpaired t test: Lamina II NA
Males: t= 0.7495, p= 0.4750
Unpaired t test: Lamina III NA
Males: t= 0.8380, p= 0.4263
Unpaired t test: Lamina IV NA
Males: t= 1.326, p= 0.2214

7B Two-way ANOVA: Bonferroni’s test
Interaction: F(18,184) = 3.238, p, 0.0001 Male control � Male late TLR4 cKO at 5 weeks: p= 0.0197, at 7 weeks: p= 0.0007, at 9 weeks:

p= 0.0033
Time effect: F(6,184) = 138.3, p, 0.0001 Female control � Female late TLR4 cKO at 5 weeks: p= 0.0004, at 12 weeks: p= 0.0085
Genotype effect: F(3,184) = 13.22, p, 0.0001

7C Unpaired t test NA
Males: t= 2.955, p= 0.0131

7D Unpaired t test NA
Females: t= 4.735, p= 0.0011

7H Unpaired t test NA
Males: t= 1.180, p= 0.2630

7J Unpaired t test NA
Males: t= 1.282, p= 0.2261

7N Unpaired t test NA
Females: t= 1.309, p= 0.2228

7P Unpaired t test NA
Females: t= 1.546, p= 0.1564

8B Unpaired t test NA
Males: t= 0.8275, p= 0.4319

8C Unpaired t test: Lamina I NA
Males: t= 2.968, p= 0.0179
Unpaired t test: Lamina II NA
Males: t= 1.338, p= 0.2176
Unpaired t test: Lamina III NA
Males: t= 0.1216, p= 0.9062
Unpaired t test: Lamina IV NA
Males: t= 0.2830, p= 0.7844

8D Unpaired t test NA
Males: t= 4.766, p= 0.0014

(Table continues.)
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brain. For Cx3CR1-CreERT2-EYFP; R26-tdTomato mice, cells were addi-
tionally gated on tdTomato.

Experimental design and statistical analysis. Cohort sizes were deter-
mined based on historical data from our laboratory using a power analy-
sis to provide .80% power to discover 25% differences with p, 0.05
between groups to require a minimum of 5 animals per group for all be-
havioral outcomes, 2 animals per group for PCR analyses, and 3 animals
per group for IHC analyses. All experiments were randomized by cage
and performed by a blinded researcher. Researchers remained blinded
throughout histologic, biochemical, and behavioral assessments. Groups
were unblinded at the end of each experiment before statistical analysis.
Data are expressed as the mean 6 SEM. Statistical analysis was per-
formed using GraphPad Prism version 8.4.1 (GraphPad Software). Data
were analyzed using a Student’s t tests, or ordinary one-way with
Dunnett’s or Tukey’s post hoc test, or two-way analysis of variance with
a Bonferroni post hoc test, as indicated in the main text or figure legends,
as appropriate, with complete statistical analyses detailed in Table 1. The
n value for each individual experiment is listed in the figure legends.

Data availability. All data supporting the findings of this study are
available on reasonable request.

Results
Males and females exhibit spinal cord dorsal horn microglial
activation after injury in the tibial fracture model of CRPS
We first sought to establish the time course of glial activation in
the spinal cord after tibial fracture, a well-characterized mouse
model of the pain condition CRPS (Birklein et al., 2018). Mice
underwent unilateral closed tibial fracture and cast placement for
3 weeks, after which the cast was removed, and behavioral testing
was conducted (Fig. 1A). Both males and females developed per-
sistent allodynia as evidenced by a decrease in mechanical
threshold from the time of cast removal at 3 weeks, through 12
weeks after after injury (Fig. 1B). As previously demonstrated
(Gallagher et al., 2013; Cropper et al., 2019), mice developed

CRPS-like signs, including erythema, unweighting, increased
temperature, and edema of the injured paw (Fig. 1C–E). Spinal
cord dorsal horn microglial activation, as evidenced by increased
CD11b expression and morphologic change, was noted as early
as 1 week after injury, peaked at 3weeks after injury, and per-
sisted until at least 7weeks after injury in males (Fig. 1F; data not
shown) and females (Fig. 1G; data not shown). In addition, astro-
cytic activation, as evidenced by increased GFAP expression and
morphologic change, was noted with slight delay, starting at
3weeks after injury and persisting until at least 7weeks after
injury in males (Fig. 1F; data not shown) and females (Fig. 1G;
data not shown).

A systemically available TLR4 antagonist improves recovery
trajectory differentially in male and female mice
Given the clear time course of microglial activation in our tibial
fracture model, we next investigated how inhibition of TLR4, a
receptor that triggers myeloid cell activation (Grace et al.,
2014a), may alter nociceptive sensitization and CRPS signs. We
first used a pharmacologic approach with the systemically avail-
able TLR4 antagonist, TAK242 (resatorvid). We selected a dose
of 3mg/kg (i.p.) daily based on previous work that demonstrated
sustained plasma and CNS levels for 24 h after dosing (Hua et
al., 2015). TAK242 was dosed for 14 d, either starting at the time
of injury (“early,” Fig. 2A) or at the time of cast removal at
3weeks (“late,” Fig. 2B). Early treatment with TAK242 improved
weight bearing and decreased edema of the injured paw only in
males, whereas late treatment with TAK242 improved tempera-
ture in males and females without any effect on other CRPS signs
(data not shown). Early treatment with TAK242 did not alter
acute allodynia in males or females; at the time of cast removal
(3weeks), all mice exhibited robust mechanical allodynia that

Table 1. Continued

Figure Test Post hoc comparison

8E Unpaired t test: Lamina I NA
Males: t= 1.657, p= 0.1360
Unpaired t test: Lamina II NA
Males: t= 5.182, p= 0.0008
Unpaired t test: Lamina III NA
Males: t= 4.453, p= 0.0021
Unpaired t test: Lamina IV NA
Males: t= 1.266, p= 0.2411

9B Unpaired t test NA
Males: t= 0.5207, p= 0.6152

9C Unpaired t test: Lamina I NA
Males: t= 2.753, p= 0.0224
Unpaired t test: Lamina II NA
Males: t= 0.7424, p= 0.4768
Unpaired t test: Lamina III NA
Males: t= 0.3539, p= 0.7316
Unpaired t test: Lamina IV NA
Males: t= 0.9197, p= 0.3817

9D Unpaired t test NA
Males: t= 4.058, p= 0.0028

9E Unpaired t test: Lamina I NA
Males: t= 5.975, p= 0.0002
Unpaired t test: Lamina II NA
Males: t= 4.118, p= 0.0026
Unpaired t test: Lamina III NA
Males: t= 2.921, p= 0.0170
Unpaired t test: Lamina IV NA
Males: t= 1.676, p= 0.1281
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was not significantly different from vehicle-treated controls
(Fig. 2C,D). The trajectory of allodynia in males was, how-
ever, significantly altered by both early or late TAK242,
which resulted in persistent reversal of mechanical allodynia
out to 7 weeks after injury (Fig. 2C). In females, both early
and late TAK242 reversed injury-induced allodynia at
5 weeks, but only early TAK242 had a persistent effect out to
7 weeks after injury (Fig. 2D). Similarly, early TAK242 had a
significant effect on thermal latency only in males (Fig. 2E),
while late TAK242 significantly increased thermal latency in

both males (Fig. 2E) and females (Fig. 2F). We further inves-
tigated the effect of TAK242 on reflex and nonreflexive
behaviors to thermal stimulus by scoring flinching, guarding,
jumping, and licking over 45 s. Early TAK242 did not affect
the cumulative duration of behaviors or cumulative summa-
tion of flinches in males or females (data not shown). Late
TAK242 did not affect the cumulative duration of behaviors
or cumulative summation of flinches in males; however, we
did identify a significant decrease in the cumulative summa-
tion of flinches in female mice (data not shown).

Figure 1. Tibial fracture/casting model reproduces classic signs of CRPS, including long-lasting allodynia. A, General experimental scheme for the mouse tibial fracture and casting model. B,
Profound and long-lasting mechanical allodynia after cast removal lasts through 20 weeks after injury in males and females. n= 6 or 7 mice per group. pp, 0.05; ppp, 0.01;
pppp, 0.001 versus sex-matched baseline threshold by one-way ANOVA with Dunnett’s post-test. C, After cast removal at 3 weeks, male and female mice placed less weight on the injured
limb compared with baseline. n= 4 per sex. ppp, 0.01 versus sex-matched baseline value by paired t test. D, The ipsilateral/injured paw exhibited an increase in temperature compared
with the contralateral/uninjured paw in both males and females at week 3 after fracture. n= 5-8 males; 4-8 females. pppp, 0.001 versus uninjured sex-matched control by unpaired t test.
E, Injured paws were edematous as indicated by an increase in paw thickness compared with the uninjured paw in both sexes at 3 weeks after fracture. n= 4-6 per sex. pppp, 0.001 versus
uninjured sex-matched control by unpaired t test. Immunohistochemistry in the lumbar spinal cord dorsal horn revealed increases in microglial (CD11b/magenta) and astrocytic (GFAP/yellow)
activation at 3 weeks after injury in males (F) and females (G). Images taken at 20� with an additional 2.5� zoom after capture. Scale bar, 25 mm. Data are mean6 SEM; all data points
are shown in C–E.
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Figure 2. Early treatment with the systemic TLR4 antagonist, TAK242, results in sustained improvement in allodynia in both sexes. Experimental scheme for treatment with the systemic
TLR4 antagonist, TAK242, either at the time of injury (early, A) or at the time of cast removal (late, B). Mechanical threshold of the injured paw decreases after cast removal at 3 weeks but rap-
idly reverses trajectory, an effect that was sustained in males (C) and females (D) with early TAK242 dosing and sustained only in males with late TAK242 dosing. n= 3-6 per group per time
point. pp, 0.05; pppp, 0.001 versus sex-matched vehicle control by two-way ANOVA with Bonferroni’s post-test. E, Both early and late treatment with TAK242 increases hot plate latency
at 5 weeks after injury in males. n= 6-10 mice per group. pp, 0.05 versus sex-matched vehicle control by one-way ANOVA with Tukey’s post-test. F, Late treatment with TAK242 increases
hot plate latency at 5 weeks after injury in females. n= 6-10 mice per group. pppp, 0.001 versus sex-matched vehicle control by one-way ANOVA with Tukey’s post-test. G, Late intrathecal
injection of the TLR4 antagonist, LPS-rs, improves male, but not female, allodynia at 3 weeks after injury. n= 10 mice per group. pp, 0.05; pppp, 0.001 versus male vehicle control by
two-way ANOVA with Bonferroni’s post-test. H, Early, continuous infusion of the peripheral CCR2 antagonist, RS504393, improves persistent, but not acute, allodynia in females at 5 and
7 weeks after injury. n= 10 mice per group. pppp, 0.001 versus female vehicle control by two-way ANOVA with Bonferroni’s post-test.
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Given that TAK242 crosses the blood-brain barrier (Hua et
al., 2015), in a separate set of experiments, we determined
whether intrathecal dosing of the TLR4 antagonist, LPS-rs,
would have a sex-specific effect when given at the “late” time
point. Consistent with previous work in the spared nerve injury
model of neuropathic pain (Sorge et al., 2011), we found that
10mg of intrathecal LPS-rs resulted in transient reversal of

mechanical allodynia only in males, with an effect that lasted 4 h
(Fig. 2G). In order to clarify the contribution of peripheral versus
central myeloid lineage cells to allodynia after injury, we next
used the peripheral CCR2 antagonist, RS504393, to inhibit pe-
ripheral macrophages (Raghu et al., 2017). A 14 d infusion of
RS504393 by subcutaneous osmotic mini-pump had no effect on
acute allodynia; at the time of cast removal (3weeks), all mice

Figure 3. TLR4 cKO is tamoxifen-dependent and microglia-specific. A, Cx3CR1-CreERT2-eYFP; tdTomatoLSL mice were generated in which all Cx3CR11 cells express the tdTomato transgene after
tamoxifen-dependent Cre recombination. Differential turnover rates of central microglia versus peripheral macrophages result in persistent tdTomato expression in microglia. B, Flow cytometry
analysis of CNS microglia (gated live cells: CD19– CD3– CD45mid CD11bhi Cx3CR1-YFP1) from Cx3CR1-CreERT2-eYFP; R26-tdTomatoLSL mice demonstrates tamoxifen-dependent and persistent
expression of the tdTomato transgene. C, Flow cytometry analysis of spleen macrophages (gated live cells: CD19– CD3– CD45hi CD11bhi Cx3CR1-YFP1) from Cx3CR1-CreERT2-eYFP; tdTomatoLSL

mice demonstrates tamoxifen-dependent and transient expression of the tdTomato transgene with expression of tdTomato at 3, but not 24, d after tamoxifen treatment. D,
Cx3CR1-CreERT2-eYFP; R26-tdTomato mice were generated, and sections from lumbar spinal cord demonstrate tdTomato expression that is tamoxifen-dependent and overlaps fully with Cx3CR1-
eYFP, as well as the microglial marker, Iba1. Images taken at 20�, except 60� as indicated. Scale bar, 50mm. E, TLR4 cKO scheme: crossing Cx3CR1-CreERT2-eYFP with TLR4fl/fl mice for several
generations resulted in Cx3CR1-CreERT2-eYFP/1; TLR4fl/fl mice in which tamoxifen administration resulted in KO of TLR4 exon 3. F, Tlr4 mRNA expression was evaluated in whole brain by real-
time RT-PCR and demonstrates persistent knockdown in CNS out to 28 d. There remains some Tlr4 mRNA in whole CNS tissue, likely ascribed to neuronal or astrocytic expression. n= 2-4 mice
per group. ppp, 0.01; pppp, 0.001 versus controls by one-way ANOVA with Tukey’s post-test. G, Tlr4 mRNA expression was evaluated in spleen by real-time RT-PCR and demonstrates no
significant decrease in tlr4 mRNA in spleen. H, Microglia were isolated from adult brain 3 weeks after tamoxifen using FACS (gated live cells: CD19– CD3– CD45mid CD11bhi Cx3CR11) followed
by real-time RT-PCR, which showed normal expression of tlr4 mRNA in the control and undetectable levels in the male and female TLR4 cKO samples. RNA gels shown on top with Gapdh as
the housekeeping gene control and sample with no reverse transcription as the negative control. Fold change from control shown in graph with n= 2 mice per group. pppp, 0.001 versus
control by one-way ANOVA with Tukey’s post-test.
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Figure 4. Early cKO of microglial TLR4 improves allodynia and thermal hyperalgesia in a time- and sex-specific manner without affecting acute sensitization. A, Experimental scheme for early
TLR4 KO in microglia. B, Early male TLR4 cKO results in a complete and sustained reversal of existing allodynia, whereas early female TLR4 cKO significantly improves allodynia but less strik-
ingly. n= 5-10 per group. pp, 0.05; ppp, 0.01; pppp, 0.001 versus sex-matched control by two-way ANOVA with Bonferroni’s post-test. C, Early male TLR4 cKO resulted in a signifi-
cantly increased latency to withdrawal on a 52.5°C hot plate; however, this effect was not significant in the early females TLR4 cKO group (D). Mice were placed on an inescapable 52.5°C hot
plate, and latency to first reflexive response was measured at 5 weeks after fracture. n= 5 per group. pp, 0.05 versus sex-matched control. All behavioral responses [flinching (black), guard-
ing (gray), jumping (blue), or licking (purple)] were scored for 45 s on a 52.5°C hot plate for early male TLR41/1 (E) and TLR4 cKO mice (F). Each row represents 1 mouse. n= 5 per group. G,
Cumulative summation of flinches over 45 s for early male TLR41/1 (dark gray) and TLR4 cKO mice (dark blue). H, Area under the curve (AUC) for summation of flinches demonstrates signifi-
cant decrease in number of flinches in early male TLR4 cKO. n= 5 per group. pp, 0.05 versus sex-matched control by unpaired t test. I, Cumulative duration of nonreflexive behaviors (guard-
ing, jumping, licking) over 45 s for TLR41/1 (dark gray) or early TLR4 cKO (dark blue) male mice. J, AUC for duration of nonreflexive behaviors demonstrates no change with early TLR4 cKO in
males. n= 5 per group. All behavioral responses were scored for 45 s on a 52.5°C hot plate for early female TLR41/1 (K) and TLR4 cKO mice (L). Each row represents 1 mouse. n= 5 per
group. M, Cumulative summation of flinches over 45 s for early female TLR41/1 (light gray) and TLR4 cKO mice (light blue). N, AUC for summation of flinches demonstrates no significant
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exhibited robust mechanical allodynia that was not significantly
different from vehicle-treated controls (Fig. 2H). Surprisingly,
the trajectory of allodynia was improved only in females at 5 and
7 weeks after injury, suggesting that peripheral macrophages
may be the TLR4-expressing myeloid cells primarily involved in
persistent pain in females whereas central microglia may contrib-
ute more in males.

Differential turnover rates of peripheral and central myeloid
lineage cells allow for specific cKO of TLR4 in microglia
alone
In order to fully dissect the contribution of microglial TLR4 to
the development of nociceptive sensitization and CRPS signs in
the tibial fracture model, we took advantage of differential cell
turnover rates between macrophages and microglia (Fig. 3A)
(Parkhurst et al., 2013) to perform targeted KO of TLR4 in
microglia alone. To confirm the expression pattern and tamoxi-
fen dependence of the Cx3CR1-CreERT2-eYFP line (Parkhurst et
al., 2013), we first crossed these mice to the Ai14 strain, which
has a loxP-flanked STOP cassette preventing transcription of the
fluorescent marker, tdTomato. Spinal cord immunohistochemis-
try clearly demonstrated that tdTomato expression in Cx3CR1-
YFP1 Iba11 cells required tamoxifen administration (Fig. 3D).
We next performed flow cytometry to investigate the persistence
of tdTomato expression after tamoxifen administration in mye-
loid cell populations from CNS or spleen. We found that CNS
microglia expressed high levels of tdTomato only after tamoxi-
fen, and this expression persisted for at least 24 d after tamoxifen
(Fig. 3B). In contrast, spleen macrophages expressed tdTomato
in a tamoxifen-dependent manner, but this expression was
transient and absent at 24 d after tamoxifen (Fig. 3C). We next
generated a microglial-specific TLR4 cKO using the same
Cx3CR1-CreERT2-eYFP strain mouse (Fig. 3E). Real-time RT-PCR
on whole CNS tissue from these mice confirmed a significant,
but not complete, loss of Tlr4 mRNA at 7 and 28 d after tamoxi-
fen (Fig. 3F), indicating that CNS cells other than microglia per-
sistently expressed TLR4. In contrast, Tlr4 mRNA in the spleen
was not significantly decreased at either time point (Fig. 3G).
Importantly, FACS-sorted microglia were also subjected to real-
time RT-PCR analysis for Tlr4 mRNA and levels were undetect-
able (Fig. 3H). These findings confirm that we generated a
microglia-specific TLR4 cKO and moreover that cells other than
microglia express TLR4 in the CNS and were unaffected in this
mouse.

Early microglia-specific TLR4 KO blocks the transition from
acute-to-chronic pain more completely in males
To fully discern the contribution of microglial TLR4 to the post-
injury pain trajectory in male and female mice, we dosed TLR4
cKO mice with tamoxifen for 5 d to knock out TLR4 in myeloid
cells. An additional 5 d was allowed for peripheral myeloid cell
turnover, before performing the tibial fracture model of CRPS in
these mice (Fig. 4A). At the time of cast removal (3weeks), all
mice developed significant allodynia as evidenced by a significant
drop in the mechanical threshold (Fig. 4B). Early TLR4 cKO in
males resulted in a complete reversal in allodynia trajectory, with

/

effect of early TLR4 cKO in females. n= 5 per group. O, Cumulative duration of nonreflexive
behaviors (guarding, jumping, licking) over 45 s for TLR41/1 (light gray) or early TLR4 cKO
(light blue) female mice. P, AUC for duration of nonreflexive behaviors demonstrates no
change with early TLR4 cKO in females. n= 5 per group.

Figure 5. Early TLR4 cKO results in decreased microglial and astrocytic activation in males.
A, Immunohistochemistry in TLR41/1 (top row) and TLR4 cKO (bottom row) males showing
microglial activation (Iba1/magenta) and astrocyte activation (GFAP/yellow) in the spinal
cord dorsal horn 5 weeks after injury. Images taken at 20�. Scale bar, 20mm. B, At 5 weeks
after injury, early TLR4 cKO results in decreased expression of the microglial marker Iba1 in
the entire spinal cord dorsal horn compared with TLR41/1 controls. C, Representative gray-
scale image showing laminar boundaries with Iba1 staining. D, Laminar quantification of
microglial Iba1 expression shows significant decreases in lamina I, II, III, and IV in early TLR4
cKO. E, At 5 weeks after injury, early TLR4 cKO significantly decreased expression of the astro-
cyte marker GFAP in the entire spinal cord dorsal horn compared with TLR41/1 controls. F,
Representative grayscale image showing laminar boundaries with GFAP staining. G, Laminar
quantification of astrocytic GFAP expression shows significant decrease only in lamina II in
early TLR4 cKO. pp, 0.05; ppp, 0.01 versus sex-matched TLR41/1 injured mouse by
unpaired t test. n= 3-6 mice per group. Each data point represents the average of 3-6 sec-
tions per mouse. Data are mean6 SEM.
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the threshold returning to baseline by 5weeks after injury, with
an effect lasting through 20weeks (Fig. 4B). In contrast, early
TLR4 cKO in females caused a significant, but more modest,
improvement in allodynia starting at 7weeks after injury that
was also sustained through 20weeks. Weight bearing on the
injured paw was significantly improved at 5weeks after injury in
the early TLR4 cKO mice of both sexes, temperature was
unchanged, and edema was improved in early TLR4 cKO
females only (data not shown). The substantial improvement in
mechanical allodynia after early TLR4 cKO in males was accom-
panied by a significantly increased latency to withdrawal in the
hot plate assay (Fig. 4C), while such an effect was not noted in
TLR4 cKO females (Fig. 4D). We next scored reflex (flinching)
and nonreflexive (guarding, jumping, licking) behaviors on the
hot plate (Fig. 4E,F) over 45 s. Early TLR4 cKO in males resulted
in a significant decrease in cumulative summation of flinches
(Fig. 4G,H) but had no effect on cumulative duration of nonre-
flexive behaviors (Fig. 4I,J). Early TLR4 cKO in females had no
effect on either cumulative summation of flinches (Fig. 4K–N) or
cumulative duration of nonreflexive behaviors (Fig. 4O,P). In
support of a contribution of TLR4 to microglial activation only

in males, early TLR4 cKO resulted in decreased morphologic
microglial activation and a significant decrease in % Iba1 in the
entire spinal cord dorsal horn in males (Fig. 5A,B). This decrease
in Iba1 expression in male TLR4 cKO was noted in all superficial
laminae (I-IV) of the dorsal horn (Fig. 5C,D), where the majority
of primary afferent fibers terminate. Interestingly, astrocytic acti-
vation was also suppressed in male TLR4 cKO in the entire spi-
nal dorsal horn (Fig. 5E), but this was driven by a significant
decrease in GFAP expression specifically in lamina II (Fig. 5F,G).
In contrast, there was no effect of early TLR4 cKO in females on
overall dorsal horn Iba1 (Fig. 6B) or GFAP expression (Fig. 6D)
or within any individual lamina (Iba1, Fig. 6C; and GFAP, Fig.
6E).

Late microglia-specific TLR4 KO results in subtle
improvement in outcomes in both sexes
We next performed “late” TLR4 cKO by dosing tamoxifen for
5 d from days 13-17 after fracture, which resulted in microglial-
specific TLR4 KO by the time of cast removal (Fig. 7A). As
expected, at the time of cast removal (3weeks), all mice devel-
oped significant allodynia, as evidenced by a significant drop in

Figure 6. Early TLR4 cKO results in no change in glial activation in females. A, Immunohistochemistry in TLR41/1 (top row) and TLR4 cKO (bottom row) females demonstrates similar micro-
glial (Iba1/magenta) and astrocytic (GFAP/yellow) activation in the spinal cord dorsal horn at 5 weeks after injury. Images taken at 20�. Scale bar, 20 mm. B, At 5 weeks after injury, early
TLR4 cKO results in no significant change in expression of the microglial marker Iba1 in the entire spinal cord dorsal horn compared with TLR41/1 controls. C, Laminar quantification of micro-
glial Iba1 expression shows no change in any individual lamina in early TLR4 cKO. D, At 5 weeks after injury, early TLR4 cKO does not alter expression of the astrocyte marker GFAP in spinal
cord dorsal horn compared with TLR41/1 controls. E, Laminar quantification of astrocytic GFAP expression shows no change in any individual lamina in early TLR4 cKO. n= 4-6 mice per group.
Each data point represents the average of 3-6 sections per mouse. Data are mean6 SEM.
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Figure 7. Late cKO of microglial TLR4 has a moderate effect on allodynia and thermal hyperalgesia. A, Experimental scheme for late TLR4 KO in microglia. B, Late male and female TLR4
cKO results in significant, but less robust, improvement in persistent allodynia compared with early KO. n= 7-14 per group. pp, 0.05; ppp, 0.01; pppp, 0.001 versus sex-matched con-
trol by two-way ANOVA with Bonferroni’s post-test. Late male (C) and female (D) TLR4 cKO resulted in a significantly increased latency to withdrawal on a 52.5°C hot plate. n= 5-7 per group.
pp, 0.05; ppp, 0.01 versus sex-matched control by unpaired t test. Mice were placed on an inescapable 52.5°C hot plate, and latency to first reflexive response was measured at 5 weeks
after fracture. All behavioral responses [flinching (black), guarding (gray), jumping (blue), or licking (purple)] were scored for 45 s on a 52.5°C hot plate for late male TLR41/1 (E) and TLR4
cKO mice (F). Each row represents 1 mouse. n= 6 or 7 per group. G, Cumulative summation of flinches over 45 s for late male TLR41/1 (dark gray) and TLR4 cKO mice (dark blue). H, AUC for
summation of flinches demonstrates no significant change in the number of flinches in late male TLR4 cKO. n= 6 or 7 per group. pp, 0.05 versus sex-matched control by unpaired t test. I,
Cumulative duration of nonreflexive behaviors (guarding, jumping, licking) over 45 s for TLR41/1 (dark gray) or late TLR4 cKO (dark blue) male mice. J, AUC for duration of nonreflexive behav-
iors demonstrates no change with late TLR4 cKO in males. n= 5 per group. All behavioral responses were scored for 45 s on a 52.5°C hot plate for late female TLR41/1 (K) and TLR4 cKO mice
(L). Each row represents 1 mouse. n= 5 or 6 per group. M, Cumulative summation of flinches over 45 s for late female TLR41/1 (light gray) and TLR4 cKO mice (light blue). N, AUC for
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the mechanical threshold (Fig. 7B). In contrast to early TLR4
cKO, late TLR4 cKO resulted in a modest improvement in allo-
dynia in males and females from weeks 5 to 9 after injury (Fig.
7B). Late TLR4 cKO resulted in improved weight bearing on the
injured paw, and normalization of temperature and edema in
mice of both sexes (data not shown). Late TLR4 cKO in males
and females significantly increased latency to withdrawal in the
hot plate assay (Fig. 7C,D). We again scored reflex (flinching)
and nonreflexive (guarding, jumping, licking) behaviors on the
hot plate (Fig. 7E–P) over 45 s. Late TLR4 cKO did not alter the
cumulative summation of flinches in males (Fig. 7G,H) or
females (Fig. 7M,N) or cumulative duration of nonreflexive
behaviors in either sex (Fig. 7I,J,O,P). Late TLR4 cKO did not
change microglial morphology or % Iba1 in the entire spinal

cord dorsal horn in males (Fig. 8A,B) or females (Fig. 9A,B) but
did significantly decrease Iba1 expression in lamina I only in
males (Fig. 8C) and females (Fig. 9C). Additionally, we observed
decreased astrocytic GFAP expression in the entire spinal cord
dorsal horn after late TLR4 cKO in males (Fig. 8D) and females
(Fig. 9D). More specifically, this was noted in lamina II and III
(Fig. 8E) in males and in lamina I, II, and III (Fig. 9E) in females.

Discussion
In this study, we evaluated the location-, time-, and sex-depend-
ent contributions of myeloid cell TLR4 to the acute-to-chronic
pain transition in the clinically relevant tibial fracture model of
CRPS. We provide evidence that TLR4 contributes to persistent
allodynia and thermal hyperalgesia in both males and females;
however, the relative contribution of major TLR4-expressing
cells is sex-dependent. We demonstrate that both sexes exhibit
improvement in allodynia when treated with a systemically avail-
able TLR4 antagonist. This effect is mimicked with a peripheral
macrophage CCR2 receptor antagonist in females only, and cen-
tral TLR4 antagonism in males only. Furthermore, we show that
early knockdown of microglial TLR4 completely reverses the

/

summation of flinches demonstrates no significant effect of late TLR4 cKO in females. n= 5
or 6 per group. O, Cumulative duration of nonreflexive behaviors (guarding, jumping, licking)
over 45 s for TLR41/1 (light gray) or late TLR4 cKO (light blue) female mice. P, AUC for du-
ration of nonreflexive behaviors demonstrates no change with late TLR4 cKO in females.
n= 5 or 6 per group.

Figure 8. Late TLR4 cKO results in decreased microglial activation in lamina I and decreased astrocytic activation in laminae II and III in males. A, Immunohistochemistry in TLR41/1 (top
row) and TLR4 cKO (bottom row) males showing microglial activation (Iba1/magenta) and astrocyte activation (GFAP/yellow) in the spinal cord dorsal horn 5 weeks after injury in late TLR4
cKO mice. Images taken at 20�. Scale bar, 20 mm. B, At 5 weeks after injury, late TLR4 cKO did not alter the overall expression of the microglial marker Iba1 in spinal cord dorsal horn com-
pared with TLR41/1 controls. C, Laminar quantification of microglial Iba1 expression shows significant decreases only in lamina I in late TLR4 cKO. D, At 5 weeks after injury, late TLR4 cKO sig-
nificantly reduced expression of the astrocyte marker GFAP in the entire spinal cord dorsal horn compared with TLR41/1 controls. E, Laminar quantification of astrocytic GFAP expression
shows significant decreases in lamina II and III in late TLR4 cKO. pp, 0.05; ppp, 0.01; pppp, 0.001 versus sex-matched TLR41/1 injured mouse by unpaired t test. n= 4-6 mice per
group. Each data point represents the average of 3-6 sections per mouse. Data are mean6 SEM.
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trajectory of mechanical allodynia, lessens hot plate reflexive
responses, and suppresses microglial activation in males, with a
minimal effect in females. Finally, we demonstrate that, for both
sexes, late knockdown of microglial TLR4 produces only mini-
mal improvement in allodynia but does suppress astrocytic
GFAP at 5weeks, suggesting that downstream cellular or molec-
ular TLR4-independent events such as synaptic plasticity
(Liddelow et al., 2017), may have already been triggered and con-
tribute more to the chronic/late phase of CRPS. Together, our
findings highlight the complex influence of TLR4 in the acute-
to-chronic pain transition.

Perhaps our most striking finding is the apparent involve-
ment of TLR4 in both male and female CRPS progression. While
previous studies have suggested that microglial TLR4 is a pre-
dominantly male mediator of pain (Sorge et al., 2011, 2015), we
used complementary pharmacologic and transgenic approaches
to establish that the contribution of TLR4 is perhaps more
nuanced than previously thought. Important to this discussion is
the fact that TLR4 is expressed on multiple cell types, including
peripheral and central myeloid-lineage cells, neurons, astrocytes,
and even endothelial cells (Grace et al., 2014b; Ji et al., 2016). To

our knowledge, all previous studies used germline TLR4 domi-
nant negative or KO mice in which TLR4 is lost from all cell
types in a constitutive manner. These strains do not allow for
determination of cell-type specificity, time-dependent effects, or
possible compensatory changes that may occur during develop-
ment. In comparison, the Cx3CR1-CreERT2-eYFP mouse offers a
unique opportunity to perform microglia-specific KO of TLR4
with temporal control. The mouse was originally developed to
clarify whether microglia consist of a separate yolk sac-derived
myeloid cell population that renews from CNS resident cells
(Parkhurst et al., 2013; Bruttger et al., 2015). These mice have
been used to target microglia for gene manipulation by taking
advantage of the low turnover rates of microglia (Lawson et al.,
1992) compared with peripheral myeloid cells. For example,
Mousseau et al. (2018) used this approach to perform targeted
microglial depletion of the pannexin-1 channel and demon-
strated its importance in IL-1b release in a mouse arthritis
model. There are, however, caveats to the use of these mice, with
leakiness to other cell types and constitutive activation of the Cre
recombinase reported (Zhao et al., 2019). Therefore, we under-
took an extensive series of experiments using the Ai14 reporter

Figure 9. Late TLR4 cKO results in decreased microglial activation in lamina I and decreased astrocyte activation throughout the dorsal horn in females. A, Immunohistochemistry in
TLR41/1 (top row) and TLR4 cKO (bottom row) females demonstrates similar microglial activation (Iba1/magenta), but reduced astrocyte activation (GFAP/yellow) in the spinal cord dorsal
horn 5 weeks after injury in late TLR4 cKO mice. Images taken at 20�. Scale bar, 20mm. B, At 5 weeks after injury, late TLR4 cKO did not alter the overall expression of the microglial marker
Iba1 in spinal cord dorsal horn compared with TLR41/1 controls. C, Laminar quantification of microglial Iba1 expression shows significant decreases only in lamina I in late TLR4 cKO. D, At
5 weeks after injury, late TLR4 cKO reduced expression of the astrocyte marker GFAP in the entire spinal cord dorsal horn compared with TLR41/1 controls. E, Laminar quantification of astro-
cytic GFAP expression shows significant decreases in lamina I, II, and III in late TLR4 cKO. pp, 0.05; ppp, 0.01; pppp, 0.001 versus sex-matched TLR41/1 injured mouse by unpaired
t test. n= 5 or 6 mice per group. Each data point represents the average of 3-6 sections per mouse. Data are mean6 SEM.
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line before initiating our behavioral experiments. As a result, we
are confident that the TLR4 cKO was limited to microglia, after
time for turnover of peripheral myeloid-lineage cells. It should
be noted, however, that with the late TLR4 cKO, there is an in-
herent, transient loss of macrophage TLR4 before cast removal at
3weeks because the tamoxifen was given on days 13-17.

The peripheral versus central nature of contributory TLR4-
expressing cells has been previously assessed using location-spe-
cific administration of TLR4 antagonists. Sorge et al. (2011)
found that intrathecal LPS, the classic TLR agonist, triggered
TLR4-dependent nociceptive responses only in male CD-1 mice,
and that LPS-rs, a TLR4 antagonist, given intrathecally improved
male, but not female, allodynia after spared nerve injury. The
interpretation of these findings was that central TLR4-expressing
microglia were responsible for the effect; however, the contribu-
tion of neuronal or astrocytic TLR4 could not be excluded. In
contrast, Woller et al. (2016) found that intrathecal LPS did cause
allodynia in female C57Bl/6 mice; however, this effect was not
blocked by the TLR4 antagonist, TAK242, or by constitutive
TLR4 KO indicating that LPS-induced allodynia may occur
through other pathways, such as the noncanonical inflamma-
some (Kayagaki et al., 2013). Furthermore, in the same study,
allodynia in Phase 3 of the formalin model was attenuated by
TAK242 in both sexes. In agreement, Agalave et al. (2014) dem-
onstrated that intrathecal administration of the TLR agonist,
HMGB1, produced allodynia in both male and female C57Bl/6
mice in a TLR4-dependent manner, and that neutralizing
HMGB1 reduced allodynia in a model of arthritis in both sexes.
The tibial fracture model of CRPS, used in the current study,
engages both neuropathic and inflammatory mechanisms
(Birklein et al., 2018; Clark et al., 2018), and we too found that
systemic TLR4 antagonism in this model improved pain trajec-
tory in both male and female C57Bl/6J mice. Together, the con-
tribution of myeloid-lineage TLR4 may therefore vary depending
on the strain of mouse used and the extent of the inflammatory
component of the pain model being studied.

Microglial activation is not an all-or-none phenomenon
(Ransohoff, 2016), and it remains unclear whether triggering
microglia via TLR4 or other known activating receptors impor-
tant in pain, such as CSF1 (Guan et al., 2016) or P2X4 (Tsuda et
al., 2003), all result in the same phenotype. It is known, however,
that microglia in the spinal cord express higher levels of markers,
such as CD11b and Iba1 after injury in a variety of pain models
in both sexes (Sorge et al., 2015; Taves et al., 2016; Fernandez-
Zafra et al., 2019) and that microglial activation can be dissoci-
ated from pain (Colburn et al., 1997). Importantly, depletion of
microglia early after spinal nerve transection results in improve-
ment in allodynia in males and females (Peng et al., 2016), sug-
gesting that microglia contribute to the initiation of pain in both
sexes. Taves et al. (2016) administered the myeloid cell p38 mito-
gen-activated protein kinase inhibitor, skepinone, intrathecally,
systemically, or perineurally in the chronic constriction model.
In agreement with our own findings, an improvement in allody-
nia was confirmed in both sexes with peripheral TAK242 admin-
istration, but only in males with central administration, implying
that the effect was related to inhibition of central microglia
in males and peripheral myeloid-lineage cells in females.
Interestingly, our colleagues (Michael Burton, personal commu-
nication) used a novel TLR4 mouse to reactivate TLR4 only in
Nav1.8-expressing primary afferent neurons and found that this
was sufficient to drive pain behaviors in female, but not male,
mice. This elegant study highlights the possibility that other pe-
ripheral TLR4-expressing cells, beyond the myeloid lineage, may

additionally have contributed to the clear improvement in allo-
dynia we noted with a systemically administered TLR4 antago-
nist in females.

Our findings also have important clinical implications for
CRPS, a condition with a female predominance of up to 4:1
(Sandroni et al., 2003). One clinical trial exists to study the effects
of low-dose naltrexone on pain in CRPS (NCT02502162).
Naltrexone is a centrally acting opioid antagonist which, at low
doses, primarily antagonizes TLR4 (Wang et al., 2016) and has
analgesic properties in various preclinical pain models
(Hutchinson et al., 2008; Kao et al., 2015). Our data suggest that
early treatment, or perhaps pretreatment in the case of high-risk
patients undergoing elective surgery, with TLR4-modulating
agents such as low-dose naltrexone may be more beneficial than
late treatment. Importantly, these agents may be effective both
for male and female patients, with centrally acting agents perhaps
providing greater benefit in males than in females.

Here we present several unique and important analyses of
sex-dependent and spatiotemporal involvement of TLR4 in
CRPS progression from the acute to chronic phase. Overall, we
find that the contribution of TLR4 is time- and microglia-de-
pendent in both sexes; however, females also rely on peripheral
myeloid-lineage (or other TLR4-expressing) cells to trigger
chronic pain.
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