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Abstract

Following injury to the peripheral nervous system (PNS), microglia in the spinal dorsal horn 

(SDH) become activated and contribute to the development of local neuro-inflammation, which 

may regulate neuropathic pain processing. The molecular mechanisms that control microglial 

activation and its effects on neuropathic pain remain incompletely understood. We deleted the 

gene encoding the plasma membrane receptor, LDL Receptor-related Protein-1 (LRP1), 

conditionally in microglia using two distinct promoter-Cre recombinase systems in mice. LRP1 
deletion in microglia blocked development of tactile allodynia, a neuropathic pain-related 

behavior, after partial sciatic nerve ligation (PNL). LRP1 deletion also substantially attenuated 

microglial activation and pro-inflammatory cytokine expression in the SDH following PNL. 

Because LRP1 shedding from microglial plasma membranes generates a highly pro-inflammatory 

soluble product, we demonstrated that factors which activate spinal cord microglia, including 

lipopolysaccharide (LPS) and colony-stimulating factor-1, promote LRP1 shedding. Proteinases 

known to mediate LRP1 shedding, including ADAM10 and ADAM17, were expressed at 

increased levels in the SDH after PNL. Furthermore, LRP1-deficient microglia in cell culture 

expressed significantly decreased levels of interleukin-1β and interleukin-6 when treated with 

LPS. We conclude that in the SDH, microglial LRP1 plays an important role in establishing and/or 

amplifying local neuro-inflammation and neuropathic pain following PNS injury. The responsible 

mechanism most likely involves proteolytic release of LRP1 from the plasma membrane to 

generate a soluble product that functions similarly to pro-inflammatory cytokines in mediating 

crosstalk between cells in the SDH and in regulating neuropathic pain.
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1 │ INTRODUCTION

Neuropathic pain is a debilitating condition caused by injury to the somatosensory nervous 

system (Dworkin et al., 2003). Development and maintenance of neuropathic pain may be 

regulated by peripheral sensitization, which is characterized by hyper-excitability of injured 

primary afferent neurons, and central sensitization, which is defined by the International 

Association of the Study of Pain as increased responsiveness of nociceptive neurons in the 

CNS to normal or sub-threshold afferent input (Woolf, 2014; Gilron et al., 2015). Glia and 

immune cells in the spinal dorsal horn (SDH) may contribute to the pathogenesis of 

neuropathic pain (Marchand et al., 2005; Scholz and Woolf, 2007; Grace et al., 2014); 

however, the responsible mechanisms remain incompletely understood. Identifying novel 

pathways that contribute to neuropathic pain is an important goal for drug development 

(Cohen and Mao, 2014; Bouhassira and Attal, 2018).

After peripheral nerve injury, factors produced by injured sensory neurons, such as colony-

stimulating factor-1 (CSF-1), serve as triggers for glial activation in the SDH (Guan et al., 

2016). Activated microglia and astrocytes then secrete diverse extracellular mediators to 

establish paracrine pathways that may exacerbate neuropathic pain (Scholz and Woolf, 2007; 

Ren and Dubner, 2008; Schomberg and Olson, 2012). Many cytokines expressed by 

activated glia, including TNFα and interleukin-1β (IL-1β), are pro-inflammatory. For this 

reason, preclinical and clinical trials studies have been performed to test the efficacy of anti-

inflammatory agents in treating pain (Sommer et al., 2001; Nguyen et al., 2015; Vanelderen 

et al., 2015).

LDL Receptor-related protein-1 (LRP1) is an endocytic receptor that binds structurally and 

functionally diverse ligands (Herz and Strickland, 2001; Gonias and Campana, 2014). An 

important property of LRP1 is its ability to couple endocytosis with activation of cell-

signaling by functioning in conjunction with receptors such as the N-methyl-D-aspartate 
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Receptor, Trk Receptor, and p75NTR (Shi et al., 2009; Mantuano et al., 2013; Stiles et al., 

2013). In bone marrow-derived macrophages (BMDMs), membrane-anchored LRP1 is anti-

inflammatory and its deletion increases expression of pro-inflammatory cytokines (May et 

al., 2013; Staudt et al., 2013; Mantuano et al., 2016). Mice with LRP1-deficient macro-

phages demonstrate exacerbated responses to lipopolysaccharide (LPS) (Mantuano et al., 

2016). However, the activity of LRP1 in inflammation is not straightforward because 

membrane-anchored LRP1 may be proteolytically released from the cell-surface by the 

proteinases, ADAM10 and ADAM17 (Liu et al., 2009; Gorovoy et al., 2010; Shackleton et 

al., 2016), generating a soluble product, shed LRP1 (sLRP1), that is robustly pro-

inflammatory (Gorovoy et al., 2010; Brifault et al., 2017). sLRP1 is present in normal 

human plasma (Quinn et al., 1999) and at increased levels in plasma from patients with 

rheumatoid arthritis and systemic lupus erythematosus (Gorovoy et al., 2010). sLRP1 is 

present in osteoarthritic cartilage (Yamamoto et al., 2017), broncho-alveolar lavage fluid 

from patients with respiratory distress syndrome (Wygrecka et al., 2011), and in CSF, where 

its concentration increases with aging (Liu et al., 2009).

LRP1 is expressed by microglia, especially when these cells are activated (Marzolo et al., 

2000; Chuang et al., 2016). Thus, microglia may serve as a source of sLRP1 and as a target 

for sLRP1 once it is generated. However, in microglia, like in macrophages, membrane-

anchored LRP1 expresses anti-inflammatory activity (Pocivavsek et al., 2009b, 2009a; Yang 

et al., 2016). Conditional deletion of LRP1 in microglia exacerbates experimental 

autoimmune encephalomyelitis in mice (Chuang et al., 2016), probably reflecting loss of the 

membrane-anchored form of the receptor. Theoretically, LRP1 deletion in macrophages or 

microglia also may attenuate inflammation in a specific mouse model system if the activity 

of sLRP1 predominates: however, such results have not been previously reported.

Herein, we show that conditional deletion of LRP1 in microglia blocks development of 

neuropathic pain-related behavior in mice subjected to partial sciatic nerve ligation (PNL). 

LRP1 deletion also inhibits microglial activation and pro-inflammatory cytokine expression 

in the SDH. Agents that activate spinal cord microglia, including CSF-1, induced LRP1 

shedding. Furthermore, ADAM10 and ADAM17 were expressed at increased levels in the 

SDH following PNL. These results demonstrate that microglial LRP1 regulates neuro-

inflammation and neuropathic pain following PNS injury. We propose that the responsible 

pathway involves LRP1 shedding to generate a pro-inflammatory “cytokine-like” soluble 

product in the SDH.

2 │ MATERIALS AND METHODS

2.1 │ Proteins and reagents

Receptor-associated protein (RAP) was expressed as a GST fusion protein in bacteria and 

purified as described (Herz et al., 1991). LPS, serotype 055.B5, and Tamoxifen (TAM) were 

from Sigma-Aldrich. Recombinant mouse CSF-1 and Quantikine ELISA kits were 

purchased from R&D systems. All primers and probes for RT-qPCR experiments were from 

Applied Biosystems.
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2.2 │ Mice

Wild type C57BL/6J mice were from the Jackson Laboratory. Mice with LoxP sites partially 

flanking the LRP1 gene (Rohlmann et al., 1998) were crossed with LysM-Cre mice (Clausen 

et al., 1999) to generate LysM-Cre-positive-LRP1fl/fl mice. In experiments, LysM-Cre-

positive-LRP1fl/fl mice were compared with littermate control mice that carried two loxP-

flanked LRP1 genes but were LysM-Cre-negative (LysM-Cre-negative-LRP1fl/fl mice). 

LRP1fl/fl mice also were bred with Cx3cr1-CreERT mice (Goldmann et al., 2013) to 

generate Cx3cr1-CreERT-LRP1fl/fl mice. In most experiments, Cx3cr1-CreERT-LRP1fl/fl 

mice were compared with littermate control mice that also were Cx3cr1-CreERT-positive 

but expressed two wild-type LRP1 genes (Cx3cr1-CreERT-LRP1 mice). To activate CreERT 

in cells in which it is expressed, Cx3cr1-CreERT-LRP1fl/fl mice and Cx3cr1-CreERT-LRP1 
mice were treated with TAM (150 mg/kg, IP) twice, 1 week apart before conducting 

experiments, four weeks later. In control experiments, Cx3cr1-CreERT-LRP1 and Cx3cr1-

CreERT-LRP1fl/fl mice were treated with TAM vehicle (5% ethanol and corn oil) instead of 

TAM. All experiments were conducted using 2 to 3 months-old male mice. All animal 

experiments were approved by the Institutional Animal Care and Use Committee at 

University of California San Diego.

2.3 │ Surgery

PNL (Seltzer model) studies were performed as previously described (Seltzer et al., 1990) 

and modified for mice (Orita et al., 2013). Male mice (2-3 months old) were anesthetized 

with isoflurane (5% for induction and 2% for maintenance). An incision was made and the 

left sciatic nerve was exposed at mid-thigh level. A 9-0 nylon suture (Ethicon) was inserted 

into the nerve and ligated so that the dorsal one-third to one-half of the nerve was included. 

The wound was closed with surgical skin staples. In sham-operated animals, the nerve was 

exposed at mid-thigh level but not ligated.

2.4 │ Behavioral testing

Tactile allodynia was tested by applying 0.04 to 4 g von Frey filaments (Stoelting) to the 

plantar surface of the ipsilateral hind paw. All mice were baseline tested for three days prior 

to surgery and then tested again on days 2, 3, 7, 10, 14, 17 and 21 following PNL or sham 

operation. Mice were allowed to acclimate to the room for at least 30 minutes and placed on 

the mesh stand for at least 45 min before testing. Von Frey filaments were presented in a 

consecutive fashion either ascending or descending using the up-down method as previously 

described (Dixon, 1980; Chaplan et al., 1994). The filament that caused paw withdrawal 

50% of the time (the 50% PWT) was determined.

Motor testing was performed using an accelerating Rotarod (Ugo Basile). The Rotarod 

speed was increased from 4 to 40 rotations per min over a 120 s time period. Mice received 

two training trials on separate days before the surgery. The latency time to failure was 

measured in three different trials on days 2, 3, 7, 10, 14, 17 and 21 after surgery. All 

behavioral testing was done by a blinded investigator.
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2.5 │ Tissue harvest, labeling, and image analysis

Spinal cords centered at L3-L4 and sciatic nerves were harvested 3 days after PNL or sham 

operation. Mice were deeply anesthetized with isoflurane and subjected to intra-cardiac 

perfusion with fresh PBS followed by 4% paraformaldehyde. All tissue was paraffin-

embedded. Tissue sections (4 µm) were prepared (at least three from each harvested tissue). 

For immunofluorescence (IF) microscopy, sections were incubated with primary antibodies 

directed against the microglial cell specific marker, Iba1 (019-19741; Wako), and LRP1 β-

chain (L2170; Sigma). The secondary antibodies were Alexa 594-conjugated-donkey anti-

rabbit IgG (A21207; Invitrogen) and Alexa 488-conjugated-donkey anti-goat IgG (A21206; 

Invitrogen). Sections were mounted and viewed using a confocal laser scanning microscope 

(LSM 880 with Airyscan; Zeiss) and subjected to images analysis using IMARIS software 

(Bitplane). Co-localization of LRP1 immunostain with Iba1 immunostain was determined 

using the IMARIS Coloc® module. Each cohort consisted of four mice. Three sections from 

each mouse were analyzed.

For immunohistochemistry (IHC), tissue sections were incubated with 10% nonfat milk and 

then with primary antibodies against CD11b (ab133357; Abcam) or Iba1 for 1 h. Next, 

sections were incubated with anti-mouse antibodies conjugated to horseradish peroxidase 

and developed with 3’3 diaminobenzidine (DAB, Jackson ImmunoResearch). Control 

sections were treated with secondary antibody only. Light microscopy was performed using 

a Leica DFC420 microscope with Leica Imaging Software 2.8.1 (Leica Biosystems).

Activation of microglia in the SDH was determined by Iba1 immunostaining and image 

analysis using ImageJ software (NIH). The area immunostained by Iba1-specific antibody 

was determined in the ipsilateral SDH as a percentage of the total area examined. Two 

regions of interest, corresponding to the Laminae I-II and III-IV, were delineated and Iba1 

staining density was determined in each of these regions in three separate microscopic 

sections per animal. At least four separate animals were analyzed in each cohort.

To quantitate migration of CD11b-positive cells into crush-injured sciatic nerves, sections of 

distal nerve were examined by a blinded investigator. The number of CD11b-positive cells 

within the endoneurium was determined. Three sections of nerve were examined per animal. 

Four mice were studied per condition.

2.6 │ Isolation of microglia and cell culture

Brain and spinal cords were collected from mice and homogenized using the Neural Tissue 

Dissociation kit (Miltenyi Biotec). For studies in which cells were analyzed without 

culturing, homogenates were subjected to centrifugation on 30% Percoll gradients, as 

previously described (Nikodemova and Watters, 2012). The microglia were then isolated by 

magnetic cell sorting using CD11b-Microbeads (Miltenyi Biotec). Cultures of brain-derived 

microglia were established as previously described (Brifault et al., 2017). Cultures of 

microglia from adult mouse spinal cords were established as described by Yip et al. (Yip et 

al., 2009). Briefly, spinal cord tissue was digested in papain (1 mg/mL) and triturated for 

mechanical dissociation. Cells were plated in complete medium consisting of Dulbecco’s 

Modified Eagle’s Medium/F-12 (DMEM/F-12), supplemented with GlutaMAX™, 15% fetal 
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bovine serum (FBS), and 100 units/mL Antibiotic-antimycotic (all reagents from 

ThermoFisher/ Gibco). After 4 hours, the medium was replaced to clear debris and non-

adherent cells. Primary microglial cell cultures were studied when the cells were 

approximately 80% confluent within 4 days. Primary cultures were examined for 

homogeneity by IF microscopy for GFAP (astrocytes), Iba1 (microglia), βIII tubulin 

(neurons), and Olig1 (oligodendrocytes). All reported experiments were performed using 

cultures that included greater than 95% microglia.

For gene expression and immunoblot or RAP ligand blot analysis, microglia were 

transferred to low-serum medium containing 0.5% FBS for 30 min and then treated with 100 

ng/mL LPS or increasing concentrations of recombinant mouse CSF-1 (10, 25 or 50 ng/mL). 

Control cells were treated with vehicle (20 mM sodium phosphate, 150 mM NaCl, pH 7.4, 

PBS) (1 µL/mL).

2.7 │ Immunoblot analysis and RAP ligand blotting

Cells were extracted in RIPA buffer (20 mM sodium phosphate, 150 mM NaCl, pH 7.4, 1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with Complete 

Protease Inhibitor Cocktail and phosphatase inhibitor (Roche Diagnostics). Equal amounts 

of cellular protein (20 µg) were loaded onto Protean TGX gels (Bio-Rad) and 

electrotransferred to PVDF membranes (Bio-Rad). The membranes were blocked with 5% 

nonfat dry milk in 10 mM Tris-HCl, 150 mM NaCl, pH 7.4, and 0.1% Tween 20 (TBS-T 

buffer) and incubated with the following primary antibodies: anti-LRP1 β-chain; anti-

GAPDH (clone GT239; GTX627408; GeneTex); and anti-β-actin (3700; Cell Signaling 

Technology). Primary antibodies were detected with HRP-conjugated species-specific 

secondary antibody (Cell Signaling Technology).

RAP ligand blotting was performed to detect sLRP1 in conditioned medium (CM). Samples 

of CM were analyzed without concentrating as previously described (Brifault et al., 2017). 

CM was subjected to SDS-PAGE and electrotransferred to PVDF membranes, which were 

blocked and then incubated with 100 nM GST-RAP in 5% nonfat milk for 1 h at 22 °C. The 

membranes were then washed three times and incubated with GST-specific antibody coupled 

to horseradish peroxidase (84-814; Genesee Scientific). Conjugated antibody was detected 

with ECL reagent Prosignal™ (Prometheus) and the Azure C300 imaging system. As a 

control, the equivalent samples were subjected to immunoblot analysis to detect an 

intracellular epitope in the LRP1 β-chain (absent in sLRP1).

2.8 │ Analysis of conditioned medium by ELISA

Microglia were allowed to condition medium that contained 0.5% FBS. TNFα and IL-6 in 

CM were quantified using mouse quantikine ELISA kits (R&D systems).

2.9 │ Real-time qPCR

Mice were subjected to PNL or sham operation. Three days later, tissue was harvested from 

the ipsilateral and contralateral SDHs (centered at L3-L4) and the sciatic nerve 3 mm distal 

from the injury site. Total RNA was isolated and purified using the NucleoSpin® RNA kit 

(Macherey-Nagel). cDNA was generated using the iScript cDNA synthesis kit (Bio-Rad). 
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RT-qPCR was performed using TaqMan® gene expression products on an AB Step one Plus 

Real-Time PCR System (Applied Biosystems). The relative change in gene expression was 

calculated using the 2ΔΔCt method and GAPDH mRNA was used as a standard. The primer-

probe sets used included: TNFα (Mm00443258_m1); IL-6 (Mm00446190_m1); IL1-β 
(Mm00434228_m1); CD11b/ITGAM (Mm00434455_m1); LRP1 (Mm00464608-m1); and 

GAPDH (Mm99999915_g1).

2.10 │ Statistics

Statistical analysis was performed using GraphPad Prism 5.0 (GraphPad Software Inc.). All 

results are expressed as mean ± SEM. Comparisons between two groups were performed 

using two-tailed unpaired t-test with a confidence interval set at 95%. Multiple comparisons 

were investigated by one-way ANOVA followed by Tukey’s or Dunnett’s multiple 

comparison tests to detect pair-wise between-group differences. Behavioral data for each 

group were analyzed by repeated measure ANOVA followed by Bonferroni’s post hoc test. p 
< 0.05 was considered statistically significant.

3 │ RESULTS

3.1 │ LRP1 promotes microglial activation in response to LPS

Purified sLRP1 is a potent activator of brain-derived microglia in culture, which also induces 

neuro-inflammation when injected directly into the SDH (Brifault et al., 2017). By contrast, 

membrane-anchored microglial LRP1 is reported to express anti-inflammatory activity 

(Pocivavsek et al., 2009a, 2009b; Yang et al., 2016). To study the activity of membrane-

anchored and shed LRP1 collectively in microglia, we harvested microglia from the brains 

of mice that are homozygous for the floxed LRP1 gene (LRP1fl/fl) and LysM-Cre-positive or 

-negative. LysM drives expression of Cre in monocytes, macrophages, neutrophils, and 

microglia, although the level of Cre recombinase expressed in microglia may depend on 

whether the cells are activated or in culture (Cho et al., 2008; Goldmann et al., 2013). When 

prepared according to the method used here, brain-derived microglia from LysM-Cre-

positive-LRP1fl/fl mice in culture are 85% LRP1-deficient at the protein level (Brifault et al., 

2017).

LRP1-expresing and –deficient microglia were treated with LPS (100 ng/mL) or vehicle for 

24 h. LPS activates innate immune system pathways in brain-derived microglia and also 

induces LRP1 shedding (Olson and Miller, 2004; Brifault et al., 2017). In LRP1-expressing 

cells, LPS increased expression of the mRNAs encoding TNFα (Fig. 1a), IL-6 (Fig. 1b), and 

IL-1β (Fig. 1c). A similar increase in TNFα mRNA was observed in LRP1-deficient cells. 

By contrast, the effects of LPS on expression of IL-6 and IL-1β were significantly attenuated 

in LRP1-deficient microglia (***p < 0.001, *p < 0.05). Given the known pro-inflammatory 

activity of sLRP1, one explanation for these data is decreased availability of LRP1 for 

shedding in microglia isolated from LysM-Cre-positive-LRP1fl/fl mice.

Next, we performed studies to examine why LRP1 deficiency may selectively affect 

expression of IL-1β and IL-6 but not TNFα in LPS-treated microglia in culture. In mouse 

monocytes and glia, LPS rapidly activates TNFα gene transcription; TNFα protein is 
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detected in conditioned medium within 1 h (Shakhov et al., 1990; Minogue et al., 2012). By 

contrast, IL-1β and IL-6 are produced in a secondary wave, which may be modulated by 

factors produced earlier in the LPS response (Ghezzi et al., 2000; Beurel and Jope, 2009; 

Minogue et al., 2012). We hypothesized that a factor or factors produced selectively by 

LRP1-expressing microglia early in the course of the response to LPS, including possibly 

sLRP1, contribute to the observed increases in expression of IL-1β and IL-6. In Fig. 1d, we 

examined expression of TNFα, IL-1β and IL-6 as a function of time in LPS-treated brain-

derived microglia. Cytokine expression at early time points was plotted as a percentage of 

that detected at 6 h. TNFα mRNA was increased at 0.5 and 1 h. IL-1β mRNA was increased 

to a significantly lesser extent at 0.5 h, compared with TNFα, and IL-6 mRNA was not 

detected at 0.5 or 1.0 h. These results confirm, in our cell culture model system, that the 

mRNAs encoding IL-1β and IL-6 are expressed at later times compared with TNFα and 

thus, subject to regulatory signals generated earlier in the LPS response, including possibly 

sLRP1.

3.2 │ LPS and CSF-1 promote LRP1 shedding from spinal cord microglia

Microglia from different regions of the CNS vary phenotypically (Lai et al., 2012; Baskar 

Jesudasan et al., 2014). Because of our interest in the role of microglia in the response to 

PNS injury, we isolated microglia from mouse spinal cords and studied LRP1 shedding. To 

begin, we examined the response to LPS. Figs. 2a-c show that LPS (100 ng/mL) induced 

expression of the mRNAs encoding TNFα, IL-6, and IL-1β in spinal cord microglia, as 

anticipated. Analysis of protein in CM by ELISA confirmed that TNFα and IL-6 were 

increased in response to LPS (Fig. 2d, e).

Next, we examined LRP1 shedding and the effects of LPS on this process in spinal cord 

microglia. Treating cells with LPS for 24 h decreased the total abundance of cellular LRP1 

in cell extracts, as determined by immunoblot analysis using an antibody that recognizes an 

intra-cytoplasmic epitope present in the LRP1 β-chain of intact membrane-anchored LRP1 

but absent in sLRP1 (Fig. 2f). Densitometry analysis of three separate studies showed that 

cellular LRP1 was decreased by 64 ± 8% in LPS-treated cells (p < 0.01) (Fig. 2g). To detect 

LRP1 shedding from spinal cord microglia, CM from the same LPS-treated and control cells 

was examined by RAP ligand-blotting. RAP, which is expressed as a GST-fusion protein, 

binds directly to the 515-kDa LRP1 α-chain, which is intact in sLRP1 (Quinn et al., 1999) 

and is then detected using GST-specific antibody (Brifault et al., 2017). Fig. 2h shows that 

LRP1 α-chain was detected in CM from spinal cord microglia by RAP ligand-blotting and 

increased in CM recovered from LPS-treated cells. To confirm that the LRP1 α-chain, 

detected by RAP ligand-blotting, was derived from sLRP1 and not full-length cellular LRP1 

in cell fragments, the equivalent CM preparations were subjected to immunoblot analysis 

using the LRP1 β-chain antibody. No signal was detected (Fig. 2h, lower panel). 
Densitometry analysis of four independent experiments showed that LPS increased sLRP1 

in CM by 2.1 ± 0.2-fold (Fig. 2i). In control experiments, we determined by MTT assay that 

LPS does not affect microglial cell viability. Overall, these results show that LPS decreases 

the total abundance of cellular LRP1 in microglia, confirming the report by Marzolo et al 

(2000). Our results further show that the decrease in cellular LRP1 may be at least partially 

attributed to LRP1 shedding.
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CSF-1 is a known activator of spinal cord microglia in vivo following peripheral nerve 

injury (Guan et al., 2016). We therefore tested whether CSF-1 induces LRP1 shedding from 

cultured spinal cord microglia. To confirm that CSF-1 activates spinal cord microglia, first 

we tested the effects of CSF-1 on expression of pro-inflammatory cytokines. Fig. 2j, k show 

that CSF-1 dose-dependently increased expression of the mRNAs encoding TNFα and IL-6. 

CSF-1 also increased accumulation of TNFα protein in CM (Fig. 2l). Immunoblot analysis 

of cell extracts using LRP1 β-chain antibody showed that CSF-1 decreased the abundance of 

cellular LRP1 in spinal cord microglia (Fig. 2m, n). This result was not anticipated because 

CSF-1 has been reported to increase LRP1 expression in peripheral macrophages (Hussaini 

et al., 1990). Analysis of CM from the same cell cultures showed that CSF-1 dose-

dependently increased LRP1 shedding from spinal cord microglia (Fig. 2o, p). The effects of 

CSF-1 on LRP1 shedding from spinal cord microglia may explain its effects on the total 

abundance of cellular LRP1 protein.

3.3 │ LRP1 and proteinases that induce LRP1 shedding are up-regulated in the SDH 
following sciatic nerve injury.

To study LRP1 expression in SDH microglia in situ, LysM-Cre-negative-LRP1fl/fl and 

LysM-Cre-positive-LRP1fl/fl mice were subjected to PNL or sham operation. Spinal cords 

were harvested 3 days later and cross sections of SDH tissue centered at L4 were 

immunostained for the microglial marker, Iba1 (green), and for LRP1 (red). In sham-

operated LysM-Cre-negative-LRP1fl/fl mice, LRP1 immunopositivity in the SDH was 

diffuse (Fig. 3a, middle panels), as anticipated because diverse cell types in the CNS, 

including neurons, astrocytes, and oligodendrocytes, express LRP1 (Wolf et al., 1992; Bu et 

al., 1994; Gaultier et al., 2009; Auderset et al., 2016) . However, Iba1-immunopositive 

microglia were mostly LRP1-negative (see panel labeled “merged”). Trace co-localization of 

LRP1 with Iba-1-immunopositive cells was detected using IMARIS Coloc® (see panel 

labeled “co-localization”).

When LysM-Cre-negative-LRP1fl/fl mice were subjected to PNL, Iba-1-immunopositivity 

was substantially increased, which may reflect an increase in the number of microglia, 

changes in microglial morphology such as hypertrophied cell bodies, and/or increased Iba1 

expression (Sasaki et al., 2001). LRP1-immunopositivity appeared diffusely increased 

throughout the SDH following PNL and importantly, many microglia became LRP1-

immunopositive, as indicated by the emergence of yellow cells in the “merged” and “co-

localization” images (Fig. 3a, lower panels). Thus, in LysM-Cre-negative-LRP1fl/fl mice, 

LRP1 expression in SDH microglia appears to be induced by peripheral nerve injury, 

concomitant with microglial activation.

In sham-operated LysM-Cre-positive-LRP1fl/fl mice, Iba1 immunoreactivity appeared 

similar to that detected in LysM-Cre-negative-LRP1fl/fl animals (Fig. 3b). Minimal co-

localization of LRP1 with Iba1 was observed. Following PNL, Iba1-immunopositivity 

increased, although perhaps to a lesser extent than in wild-type mice. PNL also caused a 

diffuse increase in LRP1 immunoreactivity throughout the SDH, as was observed in LysM-

Cre-negative-LRP1fl/fl mice; however, in LysM-Cre-positive-LRP1fl/fl animals, Iba1-positive 

cells remained largely LRP1 immunonegative, as seen in the “co-localization” and “merged” 
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images. Fig. 3c shows single cell projections from each of the four conditions. Co-

localization of LRP1 with Iba1 is clearly present only in cells from LysM-Cre-negative-

LRP1fl/fl mice subjected to PNL.

Image analysis was conducted to quantify LRP1 immunopositivity in Iba1-positive cells of 

each slide. In LysM-Cre-negative-LRP1fl/fl mice subjected to PNL, 49 ± 5% of the area 

occupied by Iba1 immunostain also stained positively for LRP1 (Fig. 3d). In LysM-Cre-

positive-LRP1fl/fl mice subjected to PNL, only 13 ± 2% of the area occupied by Iba1 

immunostain also stained positively for LRP1. These results demonstrate that in LysM-Cre-

positive-LRP1fl/fl mice, LRP1 is largely deleted in SDH microglia; this deletion event may 

occur prior to or concomitant with microglial activation in response to PNL.

ADAM10 and ADAM17 are the major proteinases responsible for LRP1 shedding in the 

CNS (Liu et al., 2009; Shackleton et al., 2016). We therefore examined expression of 

ADAM10 and ADAM17, at the mRNA level, in SDH tissue, 3 days after PNL or sham-

operation in wild-type mice. Both proteinases were significantly up-regulated by PNL on the 

ipsilateral side of the SDH (*p < 0.05) (Fig. 3e, f), compared with sham-operated animals. 

No change in expression of ADAM10 or ADAM17 was observed in contralateral SDH 

tissue.

3.4 │ LRP1 deletion in myeloid cells attenuates microglial activation in the SDH after 
PNL

Upon activation, microglial cells acquire a hypertrophied or amoeboid morphology, 

proliferate, and express increased levels of Iba1 (Sasaki et al., 2001; Gu et al., 2016; Xu et 

al., 2016). Collectively, these processes lead to an increase in the density of the microglial 

marker Iba1 in the ipsilateral SDH following PNS injury, as determined by IHC. To test the 

hypothesis that LRP1 gene deletion in microglia in LysM-Cre-positive-LRP1fl/fl mice 

attenuates microglial activation, spinal cord tissue was harvested from LysM-Cre-positive-

LRP1fl/fl and LysM-Cre-negative-LRP1fl/fl mice, 3 days after PNL or sham operation. IHC 

and image analysis were performed to quantitate the two-dimensional area occupied by Iba1 

immunostaining in Laminae I-II and III-IV of the ipsilateral SDH, as previously described 

(Wirenfeldt et al., 2009).

Representative Iba1 IHC images are shown in Fig. 4a. In sham-operated LysM-Cre-negative-

LRP1fl/fl and LysM-Cre-positive-LRP1fl/fl mice, Iba1 immunostaining in the SDH appeared 

approximately the same. After PNL, a substantial increase in the density of Iba1 

immunostaining was observed selectively in LysM-Cre-negative-LRP1fl/fl mice. Quantitative 

analysis of Iba1-immunostaining confirmed this observation. Iba1 staining density was 

significantly increased in Laminae I-II of LysM-Cre-negative-LRP1fl/fl mice in response to 

PNL (Fig. 4b). Although a modest increase in Iba staining in Laminae I-II also was observed 

following PNL in LysM-Cre-positive-LRP1fl/fl mice, the increase did not attain statistical 

significance. Most importantly, Iba1 immunopositivity was significantly lower in LysM-Cre-

positive-LRP1fl/fl mice subjected to PNL compared with LysM-Cre-negative-LRP1fl/fl mice 

subjected to PNL (***p < 0.001). The equivalent result was obtained when we analyzed 

Iba1 immunopositivity in Laminae III-IV (Fig. 4c, *p < 0.05). We conclude that following 
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PNL, microglial activation in vivo in the SDH is attenuated when LRP1 is deleted under the 

control of the LysM promoter.

3.5 │ TAM-induced LRP1 deficiency in microglia in adult mice attenuates microglial 
activation following PNL

To further study the activity of microglial LRP1 following PNL, we established a second 

model system in which LRP1fl/fl mice express CreERT under the control of the Cx3cr1 

promoter (Goldmann et al., 2013; Chuang et al., 2016). To activate Cre recombinase, adult 

mice were treated with TAM (150 mg/kg, IP) twice, 1 week apart. Because Cx3cr1 is 

expressed in cells of myeloid lineage, CreERT is activated and LRP1 is initially deleted in 

monocytes and macrophages, as well as microglia. However, the pool of circulating 

monocytes is constantly renewed while long-lived microglia are not replenished. Thus, 4 

weeks after TAM administration, LRP1 expression in microglia should still be neutralized 

whereas LRP1 expression in monocytes and macrophages should be restored (Goldmann et 

al., 2013). For this reason, the Cx3cr1-CreERT model system is thought to confer greater 

specificity for studying microglia compared with the LysM-Cre model system. Moreover, 

because gene deletion occurs in adult mice, this model system precludes genetic 

compensation that may occur when gene deletion occurs during development. In our 

experiments, control mice carried the Cx3cr1-CreERT transgene, but had wild-type (non-

floxed) LRP1. Control Cx3cr1-CreERT-LRP1 mice were treated with TAM, equivalently to 

Cx3cr1-CreERT-LRP1fl/fl mice.

To characterize this second model system, microglia were isolated from the brains of 

Cx3cr1-CreERT-LRP1fl/fl mice (LRP1fl/fl) and control Cx3cr1-CreERT-LRP1 (LRP1) mice, 

four weeks after TAM treatment. LRP1 mRNA expression was determined without 

establishing the cells in culture. Brain-derived microglia from Cx3cr1-CreERT-LRP1fl/fl 

mice demonstrated a 65 ± 5% decrease in LRP1 mRNA, compared with microglia from 

Cx3cr1-CreERT-LRP1 mice (Fig. 5a). LRP1 protein was decreased by 91 ± 5%, as 

determined by immunoblot analysis (Fig. 5b) and densitometry analysis of four replicates 

(Fig. 5c). Fig. 5d shows that CD11b mRNA expression was not changed in microglia from 

Cx3cr1-CreERT-LRP1fl/fl mice. In control experiments, we determined that LRP1 

expression is equivalent when we compared brain-derived microglia isolated from Cx3cr1-
CreERT-LRP1fl/fl mice and Cx3cr1-CreERT-LRP1 mice treated with vehicle (5% EtOH and 

corn oil) instead of TAM (Supplementary Figure S1a, b). Thus, Cx3cr1-CreERT is silent in 

the absence of TAM. LRP1 expression also was equivalent when we compared cells isolated 

from control Cx3cr1-CreERT-LRP1 mice treated with TAM versus vehicle (results not 

shown), demonstrating that TAM does not independently regulate LRP1 expression in 

microglia.

Next, we examined microglia harvested from spinal cords. In cells from TAM-treated 

Cx3cr1-CreERT-LRP1fl/fl mice, LRP1 mRNA was decreased by 53 ± 4% (Fig. 5e). LRP1 

protein was decreased by 87 ± 4%, as determined by immunoblot analysis (Fig. 5f) and 

densitometry (Fig. 5g). cd11b mRNA was unchanged in spinal cord microglia from Cx3cr1-
CreERT-LRP1fl/fl mice compared with Cx3cr1-CreERT-LRP1 mice (Fig. 5h).
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Having confirmed that the Cx3cr1-CreERT model system is effective, Cx3cr1-CreERT-

LRP1fl/fl and control Cx3cr1-CreERT-LRP1 mice were subjected to PNL or sham operation 

4 weeks after TAM treatment. Fig. 6a shows that once again, in this model system, following 

sham operation, Iba1 immunostaining in the SDH was similar in LRP1-deficient and control 

animals. After PNL, a significant increase in Iba1 density was apparent in the ipsilateral 

SDH of control Cx3cr1-CreERT-LRP1 mice in both Laminae I-II (Fig. 6b) and Laminae III-

IV (Fig. 6c). In Cx3cr1-CreERT-LRP1fl/fl mice, although a trend towards increased Iba1 

immunostaining was observed following PNL, the increase did not attain statistical 

significance. Most importantly, once again in this model system, Iba1 density was 

significantly lower in Cx3cr1-CreERT-LRP1fl/fl mice subjected to PNL compared with 

Cx3cr1-CreERT-LRP1 mice subjected to PNL in both Laminae I-II and Laminae III-IV. 

These results suggest that in two distinct mouse model systems, LRP1 deficiency in 

microglia attenuates microglial activation in response to peripheral nerve injury.

3.6 │ Spinal cord inflammation is decreased following PNL in mice with LRP1-deficient 
microglia

We subjected TAM-treated Cx3cr1-CreERT-LRP1fl/fl and control Cx3cr1-CreERT-LRP1 
mice to PNL or sham operation and harvested ipsilateral SDH three days later. RNA was 

isolated and the mRNAs encoding various pro-inflammatory mediators were determined. 

Fig. 6d shows that PNL significantly increased TNFα mRNA expression in Cx3cr1-
CreERT-LRP1 mice but not in Cx3cr1-CreERT-LRP1fl/fl mice. Similar results were obtained 

when we examined IL-1β mRNA expression (Fig. 6e) and IL-6 mRNA expression (Fig. 6f). 

For all three cytokines, the mRNA level following PNL was significantly higher in Cx3cr1-
CreERT-LRP1 mice compared with Cx3cr1-CreERT-LRP1fl/fl mice. When Cx3cr1-CreERT-

LRP1fl/fl and control Cx3cr1-CreERT-LRP1 mice were pre-treated with vehicle instead of 

TAM, so microglial LRP1 expression was unaltered, IL-6 mRNA expression was equivalent 

in the two mouse strains, before and after PNL (Supplementary Fig. S1c). As a further 

control, we examined cytokine expression on the contralateral side of TAM-treated Cx3cr1-
CreERT-LRP1fl/fl and Cx3cr1-CreERT-LRP1 mice. Significant changes in expression of 

TNFα and IL-6 were not observed (Supplementary Fig. S2). The design of our experiments 

precluded determining the cellular source of the pro-inflammatory cytokine mRNAs. 

However, these results demonstrate that microglial LRP1 amplifies the overall pro-

inflammatory response observed in the SDH following PNL.

3.7 │ Macrophage infiltration into injured sciatic nerves is not altered in TAM-treated 
Cx3cr1-CreERT-LRP1fl/fl mice

LRP1-deficient peripheral monocytes and macrophages accumulate at sites of inflammation 

in greater abundance (Overton et al., 2007; Staudt et al., 2013). Although the Cx3cr1-
CreERT model system is designed to restore gene expression in monocytes four weeks after 

TAM treatment (Goldmann et al., 2013; Chuang et al., 2016), we performed control 

experiments to confirm that macrophage infiltration and inflammatory mediator expression 

were not altered in injured sciatic nerves in Cx3cr1-CreERT-LRP1fl/fl mice, under the 

conditions of our experiments.
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Fig. 7a shows that very few CD11b-positive cells were detected in sciatic nerves in sham-

operated Cx3cr1-CreERT-LRP1 or Cx3cr1-CreERT-LRP1fl/fl mice. When Cx3cr1-CreERT-

LRP1 or Cx3cr1-CreERT-LRP1fl/fl mice were subjected to PNL and studied 3 days later, 

nerve tissue 3 mm distal from the injury site was infiltrated with CD11b-positive cells 

equivalently (Fig. 7a, b). Expression of the pro-inflammatory cytokines, IL-1β (Fig. 7c) and 

IL-6 (Fig. 7d), also was equivalent in distal sciatic nerve tissue from Cx3cr1-CreERT-LRP1 
and Cx3cr1-CreERT-LRP1fl/fl mice harvested 3 days after PNL. These results suggest that 

the changes in microglial activation and SDH cytokine expression, observed in Cx3cr1-
CreERT-LRP1fl/fl mice, are not secondary to changes occurring in the injured sciatic nerve.

3.8 │ LRP1 deficiency in microglia blocks development of allodynia

To determine whether LRP1 deficiency in microglia alters pain-related behavior following 

PNS injury, cohorts of nine TAM-treated Cx3cr1-CreERT-LRP1 and Cx3cr1-CreERT-

LRP1fl/fl mice were subjected to PNL. Tactile allodynia was assessed using von Frey 

filaments. The 50% paw withdrawal threshold (PWT) was determined (Chaplan et al., 

1994). Prior to injury, sensitivity to punctate stimulation of the ipsilateral hind paw was 

similar in Cx3cr1-CreERT-LRP1 and Cx3cr1-CreERT-LRP1fl/fl mice (Fig. 8a). Three days 

after PNL, control Cx3cr1-CreERT-LRP1 mice developed significantly reduced PWTs, 

indicating development of tactile allodynia (Vogel et al., 2006). The PWTs remained 

significantly different from those recorded prior to surgery throughout the 3 weeks study. By 

contrast, tactile allodynia did not develop in Cx3cr1-CreERT-LRP1fl/fl mice. Comparison of 

the two curves by two-way repeated measures ANOVA demonstrated a highly significant 

difference in tactile allodynia in Cx3cr1-CreERT-LRP1fl/fl mice following PNL, compared 

with control animals (###p < 0.0001).

As a control, groups of 4 TAM-treated Cx3cr1-CreERT-LRP1 and Cx3cr1-CreERT-LRP1fl/fl 

mice were subjected to sham operation. Through the duration of the study, significant 

changes in the PWT were not detected in either cohort (Supplementary Fig. S3a). In a 

separate control study, we compared Cx3cr1-CreERT-LRP1 mice that were treated with 

TAM or vehicle and then subjected to PNL. In these mice with wild-type LRP1, TAM 

treatment did not affect PWTs (Supplementary Fig. S3b). Motor function was not disturbed 

by PNL in TAM-treated Cx3cr1-CreERT-LRP1fl/fl or Cx3cr1-CreERT-LRP1 mice, as 

determined by Rotarod testing (Fig. 8b). Collectively, these results demonstrate that the 

changes in microglial activation and neuro-inflammation, observed when mice with LRP1-

deficient microglia are subjected to sciatic nerve injury, are associated with a block in the 

development of tactile allodynia.

4 │ DISCUSSION

Following injury to the PNS, extracellular mediators produced by cells in the SDH, 

including many pro-inflammatory mediators, establish crosstalk that may lead to the 

development of, maintain, and/or amplify neuropathic pain (Scholz and Woolf, 2007). 

However, therapeutic trials in which anti-inflammatory strategies have been applied to treat 

clinical pain have not yet been successful (Nguyen et al., 2015; Vanelderen et al., 2015). 

Therefore, identifying novel molecular pathways that regulate neuropathic pain is an 
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important objective for future drug discovery. Herein, we studied mice in which a single 

gene, LRP1, was deleted conditionally in microglia. The gene deletion event resulted in a 

decrease in the ability of microglia to mount a complete response to a pro-inflammatory 

challenge (LPS) when the cells were cultured in vitro, suggesting an essential role of LRP1 

in microglia activation. When mice with LRP1-deficient microglia were subjected to sciatic 

nerve PNL, microglial activation and neuro-inflammation in the ipsilateral SDH were 

substantially attenuated. Strikingly, development of tactile allodynia was blocked. Although 

membrane-anchored LRP1 is considered anti-inflammatory (Pocivavsek et al., 2009b, 

2009a; Staudt et al., 2013; Chuang et al., 2016; Mantuano et al., 2016), LRP1 shedding 

converts LRP1 into a potently pro-inflammatory soluble product that activates microglia 

(Brifault et al., 2017). Because our results demonstrate that LRP1 is shed by spinal cord 

microglia, most likely as a consequence of microglial activation, sLRP1 may represent a 

promising new molecular target for treating neuropathic pain.

The effects of LRP1 deficiency on spinal cord microglial activation were similar in two gene 

deletion model systems. In the LysM-Cre model system, gene deletion occurs in cells of 

myeloid origin during development (Clausen et al., 1999) although, in microglia, genes may 

be deleted when the cells become activated, such as after PNL (Coyle, 1998). In the Cx3cr1-
CreERT model system, gene deletion occurs only in adults that are treated with TAM 

(Goldmann et al., 2013). Thus, the likelihood that other gene regulatory events compensated 

for LRP1 deletion was decreased in Cx3cr1-CreERT-LRP1fl/fl mice, compared with LysM-

Cre-positive-LRP1fl/fl mice.

Our observation that LRP1 deficiency in microglia inhibits the development of tactile 

allodynia following PNL was made using the Cx3cr1-CreERT model system. In control 

experiments, we ruled out changes in macrophage function outside the CNS as contributing 

to the observed PWTs. This was an anticipated result because, in the Cx3cr1-CreERT model 

system, four weeks after TAM treatment, LRP1 deficiency should be limited to microglia 

and not peripheral monocytes that infiltrate injured nerves (Goldmann et al., 2013; Chuang 

et al., 2016). From our results, we draw the following important conclusions. First and 

foremost, our results confirm that microglia do indeed regulate pain processing. Second, 

microglial activation and development of neuro-inflammation in the SDH are correlated with 

development of neuropathic pain-related behavior. Third, a single gene deletion event in 

microglia is sufficient to prevent development of allodynia in response to PNS injury.

Because, in cells of myeloid origin, membrane-anchored LRP1 expresses anti-inflammatory 

activity (Overton et al., 2007; Pocivavsek et al., 2009b, 2009a; Gorovoy et al., 2010; May et 

al., 2013; Staudt et al., 2013; Mantuano et al., 2016; Yang et al., 2016; Brifault et al., 2017), 

proteolytic shedding of LRP1 serves as a key reaction that converts the activity of LRP1 

from anti-inflammatory to pro-inflammatory (Gorovoy et al., 2010; Brifault et al., 2017). 

However, to date, in in vivo model systems, only the anti-inflammatory activity of LRP1 has 

been observed (Overton et al., 2007; Staudt et al., 2013; Chuang et al., 2016; Mantuano et 

al., 2016). The results presented here demonstrate effects of microglial LRP1 that may be 

characterized as “pro-inflammatory” in vivo and the preponderance of our evidence suggests 

that the observed effect of LRP1 on microglial activation and SDH neuro-inflammation are 

due to sLRP1. Agents known to activate spinal cord microglia, including LPS and CSF-1, 

Brifault et al. Page 14

Glia. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induced LRP1 shedding from spinal cord microglia. Furthermore, in response to PNL, 

proteinases known to cause LRP1 shedding in the CNS were expressed at increased levels 

exclusively on the ipsilateral side of the SDH. We previously demonstrated that purified 

sLRP1 induces expression of multiple pro-inflammatory cytokines, including TNFα, IL-6 

and IL-1β when injected into the spinal cord, mimicking the activity of sLRP1 in cell culture 

(Brifault et al., 2017). We now show that expression of the equivalent cytokines is decreased 

in the SDH following PNL in mice with LRP1-deficient microglia. TNFα, IL-6 and IL-1β 
are known to modulate spinal cord synaptic transmission and play an important role in 

central sensitization (Obreja et al., 2002; Kawasaki et al., 2008; Liu et al., 2017). Thus, the 

absence of demonstrable tactile allodynia in TAM-treated Cx3cr1-CreERT-LRP1fl/fl mice 

may reflect either direct interaction of sLRP1 with SDH neurons or changes in the local 

concentration of other factors, such as TNFα, IL-6, and IL-1β, secondary to sLRP1-induced 

gene regulatory events. Because sLRP1 is a soluble protein, it may function in an autocrine 

or paracrine manner. Whether astrocytes and neurons respond to sLRP1 directly remains to 

be tested.

Some factors known to promote LRP1 shedding from macrophages and microglia, such as 

LPS and interferon-γ, also down-regulate LRP1 expression at the transcriptional level 

(LaMarre et al., 1993; Hussaini et al., 1996; Marzolo et al., 2000). LRP1 shedding and 

transcriptional down-regulation both decrease the abundance of membrane-anchored LRP1, 

which has anti-inflammatory properties, and thus may be viewed as having the common 

purpose of sustaining pro-inflammatory mediator production. At the same time, decreased 

LRP1 protein expression may decrease sLRP1 production. Other factors such as CSF-1, 

which we now understand promotes LRP1 shedding, may increase LRP1 expression 

(Hussaini et al., 1990). Under conditions in which LRP1 shedding is activated, this pattern 

may be more pro-inflammatory due to replenishing of the substrate for sLRP1 generation.

Identifying novel therapeutic approaches for treating chronic pain in patients is an important 

medical goal. The proteinases implicated in LRP1 shedding target other membrane proteins 

as substrates as well. In particular, ADAM17 cleaves pro-TNF and releases from the plasma 

membrane the well-described pro-inflammatory cytokine, TNFα (Black et al., 1997; Lunn 

et al., 1997). sLRP1 may therefore be a member of a pro-inflammatory protein network, 

released from membrane-anchored precursors when proteinases such as ADAM10 and 

ADAM17 are expressed and activated. We suggest that membrane protein shedding may be 

targeted for pain therapeutics development. Our results implicating microglial LRP1 in the 

pathogenesis of neuropathic pain justify future work to further characterize reactions that 

lead to LRP1 shedding, the full continuum of membrane proteins that may be shed 

simultaneously, and approaches for limiting this process.
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Main Points:

• LRP1 deletion in microglia attenuates microglial activation, spinal 

inflammation, and neuropathic pain after sciatic nerve injury in mice.

• The pro-inflammatory activity of microglial LRP1 is explained by shed 

LRP1, a soluble “cytokine-like” factor.
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FIGURE 1. 
LRP1 regulates the microglial response to LPS. Brain-derived microglia were isolated from 

LysM-Cre-positive-LRP1fl/fl and LysM-Cre-negative-LRP1fl/fl mice and cultured in low-

serum (0.5% FBS) medium for 30 minutes. The cells were treated with LPS (100 ng/mL) or 

vehicle (PBS, 1 µL/mL). After 24 h, RNA was harvested and RT-qPCR was performed to 

quantify mRNA for (a) TNFα, (b) IL-6 and (c) IL-1β. Cells from LysM-Cre-negative-

LRP1fl/fl mice are shown with open bars; cells from LysM-Cre-positive-LRP1fl/fl mice are 

shown with closed bars (mean ± s.e.m.; n = 3; n.s., not significant, *p < 0.05, ***p < 0.001, 

one-way ANOVA followed by Tukey’s post-hoc test). (d) Primary microglia was treated for 

up to 6 hours with LPS (100 ng/mL). Expression of TNFα, IL-6 and IL-1β mRNA was 

determined by RT-qPCR at the indicated times. mRNA levels for each cytokine were 

expressed as a percentage of the level of that same cytokine present at 6 h (mean ± s.e.m.; n 
= 3; **p < 0.01, ***p < 0.001, one-way ANOVA followed by Tukey’s post-hoc test).
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FIGURE 2. 
LPS and CSF-1 induce LRP1 shedding from spinal cord microglia. Microglia were isolated 

from spinal cords of adult C57BL/6J wild-type mice and cultured in low-serum medium. 

The cells were treated with LPS (100 ng/mL) or vehicle for 24 h. Expression of (a) TNFα, 

(b) IL-6 and (c) IL-1β was determined by RT-qPCR. (d, e) TNFα protein and IL-6 protein in 

CM were measured by ELISA (mean ± s.e.m. of 4 independent experiments; *p < 0.05, **p 
< 0.01, ***p < 0.001, unpaired t-test). (f) Cell extracts were subjected to immunoblot 

analysis to detect LRP1 β-chain (upper panel) and β-actin as a loading control (lower panel). 
(g) Densitometry was performed to compare cellular LRP1 in microglia before and after 

LPS treatment (mean ± s.e.m; n = 3 independent immunoblotting experiments; **p < 0.01, 

two-tailed unpaired t-test) (h) Conditioned medium was collected and subjected to RAP 

ligand-blotting to detect sLRP1 (upper panel). The same samples were subjected to 

immunoblot analysis using an antibody that detects an epitope in the LRP1 β-chain, absent 

in sLRP1 (lower panel). These immunoblots were performed concurrently with those shown 

in panel “f’ of this figure, providing a positive control. (i) Densitometry was performed to 

quantify sLRP1 in CM (mean ± s.e.m; n = 4 independent experiments; **p < 0.01, two-

tailed unpaired t-test). (j, k) Microglia were treated with increasing concentrations of mouse 

CSF-1. RNA was isolated 24 h later and RT-qPCR was performed to determine expression 

of TNFα and IL-6. (l) CM was recovered. TNFα protein was determined by ELISA (mean ± 

s.e.m.; n = 3 independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, one-way 

ANOVA followed by Dunnett’s post-hoc test). (m, n) Microglia were treated with the 

indicated concentrations of CSF-1. Cellular LRP1 was determined by immunoblot analysis 
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using anti LRP1 β-chain antibody and quantified by densitometry (mean ± s.e.m.; n = 3 

independent experiments; *p < 0.05, one-way ANOVA followed by Dunnett’s post-hoc test). 

(o) sLRP1 released into CM was detected by RAP ligand-blotting. The same samples were 

subjected to immunoblot analysis using LRP1 β-chain antibody. (p) Densitometry was 

performed to quantify sLRP1 in CM (mean ± s.e.m.; n = 3 independent experiments; *p < 

0.05, **p < 0.01, one-way ANOVA followed by Dunnett’s post-hoc test).
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FIGURE 3. 
Sciatic nerve PNL induces expression of microglial LRP1, ADAM10, and ADAM17 in the 

SDH. (a, b) LysM-Cre-positive-LRP1fl/fl or LysM-Cre-negative-LRP1fl/fl mice were 

subjected to PNL or sham-operation. Three days later, spinal cords were collected. Sections 

of the SDH at the L3-L4 level were immunostained to detect Iba1 (green) and LRP1 (red). 

Representative IF confocal microscopy images are presented for tissue harvested from (a) 

LysM-Cre-negative-LRP1fl/fl mice and (b) LysM-Cre-positive-LRP1fl/fl mice (n = 4/group). 

The merged images show cells that label for Iba1 and LRP1. Using IMARIS software, the 

degree of co-localization between LRP1 and Iba1 was calculated and a separate co-

localization channel was built and shown here in yellow. (c) Representative images of single 

cell projections for the 4 experimental groups are shown. (d) The degree of co-localization 

of LRP1 with Iba1 is expressed as a percentage of the area that is Iba1-immunopositive 

which also was LRP1-immunopositive (mean ± s.e.m.; n = 4 animals/group; ***p < 0.001, 

signs directly over the bars compare PNL and sham operation in the same genotype; one-

way ANOVA followed by Tukey’s post-hoc test). (e, f) C57BL6/J mice were subjected to 

PNL or sham-operation. Three days later, ipsilateral and contralateral SDH tissue (L3-L4 

lumbar segments) was collected. RT-qPCR was performed to quantify expression of 

ADAM10 and ADAM17 mRNAs (mean ± s.e.m.; n = 3 for sham-operated animals and n = 6 
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for animals subjected to PNL; *p < 0.05 PNL vs Sham in the ipsilateral SDH, one-way 

ANOVA followed by Tukey’s post-hoc test).
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FIGURE 4. 
LRP1 deletion attenuates microglial activation in the SDH following PNS injury. (a) 

Representative images showing Iba1 IHC on the ipsilateral SDH (L3-L4) 3 days after sciatic 

nerve PNL or sham operation in LysM-Cre-positive-LRP1fl/fl and LysM-Cre-negative-

LRP1fl/fl mice. Laminae I-II and Laminae III-IV are delineated by dotted lines. (b, c) The 

percentage of tissue immunostained with Iba1 in Lamina I-II and Lamina III-IV following 

PNL or sham operation was determined for both mouse genotypes by image analysis (mean 

± s.e.m.; n = 4 sham-operated animals, n = 6 LysM-Cre-negative-LRP1fl/fl mice subjected to 

PNL and n = 9 LysM-Cre-positive-LRP1fl/fl animals subjected to PNL; *p < 0.05, ***p < 

0.001; one-way ANOVA followed by Tukey’s post-hoc analysis).
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FIGURE 5. 
Characterization of microglia isolated from the brains and spinal cords of Cx3cr1-CreERT-

LRP1fl/fl mice. (a) Microglia were isolated from brains of TAM-treated Cx3cr1-CreERT-

LRP1fl/fl mice (black bars, LRP1fl/fl) and Cx3cr1-CreERT-LRP1 mice (open bars, LRP1). 

RT-qPCR was performed to determine the relative abundance of LRP1 mRNA (mean ± 

s.e.m.; n = 4 independent experiments; ***p < 0.001, unpaired two-tailed t-test). (b) 

Immunoblot analysis was performed to determine cellular LRP1 protein using β-chain-

specific antibody. Membranes were re-probed for GAPDH as a loading control. (c) 

Densitometry was performed to determine the relative level of cellular LRP1 protein, 

standardized against the loading control (mean ± s.e.m.; n = 4; *p < 0.05, unpaired t-test). 

(d) RNA was isolated from brain microglia. RT-qPCR was performed to determine the 

relative abundance of CD11b mRNA (mean ± s.e.m.; n = 4; p = 0.88, unpaired two-tailed t-
test). (e) Microglia were isolated from spinal cords of TAM-treated Cx3cr1-CreERT-

LRP1fl/fl mice (black bars, LRP1fl/fl) and Cx3cr1-CreERT-LRP1 mice (open bars, LRP1). 

RT-qPCR was performed to determine the relative abundance of LRP1 mRNA (mean ± 

s.e.m.; n = 4; ***p < 0.001, unpaired two-tailed t-test). (f) Protein extracts from spinal cord 

microglia were immunoblotted to detect LRP1 β-chain and GAPDH, as a loading control. 

(g) Densitometry was performed to determine the relative level of LRP1 protein, 

standardized against the loading control (mean ± s.e.m.; n = 4; *p < 0.05, unpaired t-test). 

(h) RNA was isolated from spinal microglia. RT-qPCR was performed to determine CD11b 

mRNA (no statistical difference was observed using one-way ANOVA: p = 0.53).
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FIGURE 6. 
LRP1 deletion in microglia in adult mice attenuates microglial activation in the SDH 

following PNL. (a) TAM-treated Cx3cr1-CreERT-LRP1fl/fl (LPR1fl/fl) mice and Cx3cr1-

CreERT-LRP1 (LRP1) mice were subjected to PNL or sham-operation. SDH tissue was 

isolated 3 days later. Representative IHC images for Iba1 are shown. (b, c) Densitometry 

analysis was performed to assess the percentage of tissue area occupied by Iba1 

immunostaining in Laminae I-II and in Laminae III-IV (mean ± s.e.m.; n = 3 for sham-

operated animals and n = 4 for animals subjected to PNL;*p < 0.05, **p < 0.01, n.s. not 

significant, the signs directly over the bars compare PNL with sham-operation in the same 

genotype; one-way ANOVA followed by Tukey’s post-hoc analysis). (d-f) RNA was 

harvested from the ipsilateral SDH. RT-qPCR was performed to quantify mRNAs encoding 

(d) TNFα, (e) IL-1β, and (f) IL-6 (mean ± s.e.m.; n = 4/group; *p < 0.05, **p < 0.01, ***p 
< 0.001, the stars directly over the bars compare PNL with sham operation in the same 

genotype; one-way ANOVA followed by Tukey’s post-hoc analysis).
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FIGURE 7. 
TAM-induced LRP1 deficiency in microglia does not alter myeloid cell infiltration or 

inflammation in injured sciatic nerves. (a) TAM-treated Cx3cr1-CreERT-LRP1fl/fl 

(LRP1fl/fl) mice and Cx3cr1-CreERT-LRP1 (LRP1) mice were subjected to PNL or sham-

operation. Sciatic nerve tissue distal to the injury site was harvested 3 days later. The area of 

the nerve directly downstream of the ligation was immunostained to detect the myeloid cell 

marker CD11b. Images represent n = 3 sham-operated animals and 4 mice subjected to PNL 

for each genotype. (b) The number of CD11b-positive cells present in the nerves was 

counted. Although PNL significantly increased the number of cells, there was no change 

with mouse genotype (mean ± s.e.m.; n = 3 sham-operated animals and n = 4 mice subjected 

to PNL; ***p < 0.001, n.s., not significant, the stars directly over the bars refer to a 

comparison of PNL with sham operation in the same genotype, one-way ANOVA followed 

by Tukey’s post-hoc analysis). (c, d) RNA was harvested from distal sciatic nerve tissue. RT-

qPCR was performed to determine expression of IL-1β and IL-6 (mean ± s.e.m.; n = 3 

sham-operated animals and n = 4 mice subjected to PNL; *p < 0.05, ***p < 0.001, n.s., not 

significant using one-way ANOVA followed by Tukey’s post-hoc test).
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FIGURE 8. 
LRP1 deletion in microglia prevents development of allodynia after sciatic nerve PNL. (a) 

TAM-treated Cx3cr1-CreERT-LRP1fl/fl mice (red curve) and Cx3cr1-CreERT-LRP1 mice 

(black curve) were baseline tested with von Frey hairs for three days and then subjected to 

PNL. The mean baseline value for each group is presented at Day 0. PWTs were determined 

on the indicated days throughout 3 weeks (mean ± s.e.m; n = 9/group; *p < 0.05, **p < 0.01, 

***p < 0.001 as compared with the corresponding basal PWTs; ###p < 0.0001 as compared 

with control mice; repeated measures ANOVA with post-hoc Bonferroni’s test). (b) TAM-

treated Cx3cr1-CreERT-LRP1fl/fl mice (red curve) and Cx3cr1-CreERT-LRP1 mice (black 

curve) were baseline tested and then subjected to Rotarod-testing (mean ± s.e.m.; n = 5; p = 

0.5, repeated measures ANOVA). Significant differences between the two genotypes were 

not observed.
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