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Abstract

Chronic low back pain is a common condition, with high societal costs and often ineffectual 

treatments. Communication between macrophages/monocytes (MØ) and sensory neurons has been 

implicated in various preclinical pain models. However, few studies have examined specific MØ 

subsets, although distinct subtypes may play opposing roles. This study used a model of low back 

pain/radiculopathy involving direct local inflammation of the dorsal root ganglia (DRG). Reporter 

mice were employed that had distinct fluorescent labels for two key MØ subsets: CCR2-

expressing (infiltrating pro-inflammatory) MØ, and CX3CR1-expressing (resident) macrophages. 

We observed that local DRG inflammation induced pain behaviors in mice, including guarding 

behavior and mechanical hypersensitivity, similar to the previously described rat model. The 

increase in MØ in the inflamed DRG was dominated by increases in CCR2+ MØ, which persisted 

for at least 14 days. The primary endogenous ligand for CCR2, CCL2, was upregulated in 

inflamed DRG. Three different experimental manipulations that reduced the CCR2+ MØ influx 

also reduced pain behaviors: global CCR2 knockout; systemic injection of INCB3344 (specific 

CCR2 blocker); and intravenous injection of liposomal clodronate. The latter two treatments when 

applied around the time of DRG inflammation reduced CCR2+ but not CX3CR1+ MØ in the 

DRG. Together these experiments suggest a key role for the CCR2/CCL2 system in establishing 

the pain state in this model of inflammatory low back pain and radiculopathy. Intravenous 

clodronate given after pain was established had the opposite effect on pain behaviors, suggesting 

the role of macrophages or their susceptibility to clodronate may change with time.
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1. Introduction

Chronic low back pain is a major cause of disability and health care costs with inadequate 

treatments. (Gaskin and Richard, 2012; Institute of Medicine (US) Committee on Advancing 

Pain Research, 2011). Chronic low back pain is associated with inflammation.

Monocytes/macrophages (MØ) play critical roles in both inflammation and pain (Chen et 

al., 2019). Macrophages have often been identified on the basis of their expression of 

panmacrophage marker IBA1 (ionized calcium-binding adaptor molecule 1), and we have 

previously shown an increase in IBA1 expression levels in our rat model of chronic low back 

pain (Xie et al., 2016). However, new studies have revolutionized our understanding of 

macrophages in health and disease by delineating heterogenous subsets of these cells. Two 

major subsets are described in the literature based on their expression of either CCR2 or 

CX3CR1. CCR2 is the primary receptor for CCL2 (also known as monocyte 

chemoattractant protein 1; MCP-1), an important chemoattractant that mediates migration of 

pro-inflammatory blood monocytes into sites of tissue inflammation. CX3CR1 is the 

primary receptor for CX3CL1 (fracktalkine), and high levels of its expression are often used 

as a marker for resident macrophages within specific tissues and microglia in the spinal cord 

and brain (although the CCL2-expressing MØ also express low levels of CX3CR1) . 

(Dominguez and Ardavin, 2010; Saederup et al., 2010; Williams et al., 2017; Wynn and 

Vannella, 2016; Yamasaki et al., 2012). These two general classes of MØ can be studied in 

transgenic reporter mice in which the CCR2-expressing cells also express red fluorescent 

protein, while the CX3CR1-expressing cells express green fluorescent protein (Saederup et 

al., 2010). A number of immunological studies have used these reporter mice, but relatively 

few pain studies have made use of these reporter mice, (e.g. a study (Gu et al., 2016) that 

focused primarily on the spinal cord).

In the present study, we used these reporter mice to examine the role of these two MØ 

subtypes in a model of low back pain and radiculopathy induced by local inflammation of 

the lumbar dorsal root ganglia (DRG) with the inflammatory stimulus zymosan. This model, 

originally developed in rats (Xie et al., 2012; Xie et al., 2006), is intended to mimic the local 

inflammation at the level of the sensory ganglia that may occur in some forms of low back 

pain and radiculopathy. An example is back pain caused by ruptured discs, in which the 

DRG are exposed to the immunogenic nucleus pulposis that is normally sequestered inside 

the disc away from immune surveillance (Gertzbein et al., 1977). Here, we demonstrate that 

this DRG inflammation model is readily adapted to mice, and provide data suggesting a key 

role for CCL2 and the CCR2-expressing MØ in initiating pain behaviors in this model. The 

CCR2/CCL2 system has been implicated in several different types of pain models, including 

nerve injury (Abbadie et al., 2003; Gu et al., 2019), chemotherapy (Illias et al., 2018), and 

peripheral inflammatory (Chun and Kwon, 2019) models. In most of these studies CCR2/
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CCL2 were found to be pain-initiating or pain-enhancing (for review, see (Chen et al., 2019; 

Jiang et al., 2020)), but in a few studies a role for pain resolution was suggested. For 

example, pain-relieving local sympathectomy upregulated CCL2 in the DRG (Tonello et al., 

2020), and depletion of CCR2-positive macrophages prolonged recovery from IL-1β-

induced hyperalgesia (Willemen et al., 2014). CCL2 and CCR2 can be expressed in sensory 

neurons especially under pathological conditions; CCL2 can directly excite sensory neurons, 

and can be released into the spinal cord by sensory neurons (Abbadie et al., 2009; White et 

al., 2005). A number of studies have examined these mechanisms of action of CCL2, while 

other studies focus more on the role of macrophages in mediating CCL2 actions (Chen et al., 

2019). In the present study, we used the reporter mice to examine the role of MØ subsets in 

the DRG in this model of inflammatory low back pain and radiculopathy.

2. Methods

2.1 Animals:

Male and female mice (8 - 12 weeks) were used in this study and obtained from Jackson 

Laboratory, Bar Harbor, ME. To obtain mice with red and green fluorescent labeled 

macrophage subsets, the strain B6.129(Cg)-Ccr2tm2.1Ifc/J (Ccr2RFP/RFP; strain 017586, 

(Saederup et al., 2010)), in which CCR2, the receptor for CCL2, has been replaced at both 

loci by red fluorescent protein (RFP), was crossed with the strain B6.129P2(Cg)-

Cx3cr1tm1Litt/J (Cx3cr1GFP/GFP; strain 005582; (Jung et al., 2000)) in which the fractalkine 

receptor CX3CR1 is replaced at both loci by green fluorescent protein (GFP) (as illustrated 

in Supplemental Fig. A1). The resulting progeny CCR2+/RFP CX3CR1+/GFP (referred to 

herein as “reporter” mice) have both RFP-labeled and GFP-labeled subsets of MØ, but have 

one normal copy of each of the 2 receptors (Saederup et al., 2010). The CCR2RFP/RFP parent 

strain was used for experiments requiring CCR2 knockout mice. All transgenic mice were 

viable and showed no obvious developmental defects, confirming previous reports. 

Experiments with “wildtype” mice used the C57BL/6J mice (strain 000664, Jackson 

Laboratory), recommended as the control strain for both constructs. Behavioral experiments 

did not show sex differences. All experiments included animals of both sexes in 

approximately equal numbers. Data from both sexes is combined in all figures except some 

supplementary figures, where more details about the analysis of sex as a factor can be found. 

All efforts were made to minimize animal suffering, reduce the number of animals used, and 

use alternatives to in vivo techniques, in accordance with the International Association for 

the Study of Pain guidelines and the National Institutes of Health Office of Laboratory 

Animal Welfare Guide for the Care and Use of Laboratory Animals, and adhered to animal 

welfare guidelines established by the University of Cincinnati Institutional Animal Care and 

Use Committee who approved the experimental protocols used.

2.2 Pain model

The lumbar DRG inflammation model of inflammatory low back pain/radiculopathy was 

modified from our previously described rat model (Xie et al., 2012). The mice were 

anesthetized with isoflurane and an incision was made on the back and the overlying 

paraspinal muscles separated to expose the L4 and L3 transverse processes. No laminectomy 

was performed. The L4 DRG (analogous to the L5 DRG in rat (Rigaud et al., 2008)) was 
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inflamed by local injection of the immune activator zymosan (Sigma-Aldrich, St. Louis, 

MO, catalog #Z4250; 2mg/ml, 3 μl in volume which was reduced from 10 μl used in the rat, 

in incomplete Freund’s adjuvant - IFA) into the L4 intervertebral foramen, above the DRG, 

via a ½” 30-gauge needle bent at a 90 degree angle inserted into the L4 intervertebral 

foramen. For sham control animals, the DRG were exposed but no injection was made. For 

experiments in which DRG tissue was isolated for obtaining mRNA or protein, both L4 and 

L3 were inflamed. The incision was closed in layers.

2.3 Pain behavior measurements:

Mechanical sensitivity of the hindpaw was tested with von Frey filaments using the up-and-

down method (Chaplan et al., 1994), as we have previously reported (Tonello et al., 2020). 

Experimenters were blinded as to which experimental group the animal was in. Briefly, the 

mice were first acclimatized (1 hour) in individual clear Plexiglas boxes on an elevated wire 

mesh platform to facilitate access to the plantar surface of the hind paws. Subsequently, a 

series of von Frey hairs (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; Stoelting Co., Wood Dale, 

IL) were applied perpendicular to the plantar surface of hindpaw. A test began with the 

application of the 0.6 g hair. A positive response was defined as a clear paw withdrawal or 

shaking. Whenever a positive response occurred, the next lower hair was applied, and 

whenever a negative response occurred, the next higher hair was applied. The testing 

consisted of 6 stimuli, and the pattern of response was analyzed as the log transforms of the 

von Frey force, as described in (Mills et al., 2012). Spontaneous guarding behavior was 

scored (Brennan et al., 1996) as 0 (no guarding, paw flat on floor), 1 (mild shift of weight 

away from paw), 2 (unequal weight bearing and some part of the foot not touching the 

floor), or 3 (foot totally raised or not bearing any weight); these scores were recorded just 

before each application of the von Frey filament (6 observations per paw total) and averaged.

In some experiments, an operant measure of mechanical pain was used as described by 

Shepherd and Mohapatra (Shepherd and Mohapatra, 2018); briefly, we measured the latency 

for the mouse to enter a chamber with closely spaced metal probes on the floor; crossing the 

chamber allowed the mouse to escape from a naturally aversive stimulus (well-lit chamber) 

and reach a dark chamber but only by encountering the mechanical stimuli to the paws. 

Measurements were made with the probes at 5, 2, and 0 mm height. The chamber was 

constructed as described in the original reference, with plastic parts pre-cut and provided by 

TAP Plastics, San Jose, CA, and push pins from Office Depot (Item # 825-265) that had 

been slightly blunted with a whetstone.

2.4 Reagents for manipulation of MØ in vivo:

Liposomal clodronate (Van Rooijen and Sanders, 1994) was purchased from Liposoma (cat# 

283539, Amsterdam, The Netherlands) and injected intravenously (200 μl per mouse, tail 

vein injection) at the indicated time point. Control mice received injections of control 

liposomes as provided by the same manufacturer. The CCR2 antagonist INCB3344 was 

purchased from APExBIO (cat# A3494, Houston, TX) and administered intravenously (tail 

vein) on the indicated schedules (100 μl of 0.17 mM solution per mouse per injection, made 

by diluting 3 μl of a 57.7 mM DMSO stock concentration with 1 ml of normal saline).
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2.5 Immunohistochemistry

Mice were anesthetized with isoflurane and lumbar DRGs were removed as fresh tissue, 

immediately fixed in 4% paraformaldehyde for 2 hours, transferred to 30% sucrose, and cut 

into 12 μm frozen sections within one day. The lack of cardiac fixation perfusion and the 

rapid processing of images were found to improve retention of the endogenous fluorescence 

signals. Images were captured at 10x and 20x using an Olympus BX63F with CellSens 

Dimensions software, and the intensity of the endogenous red and green fluorescence signal 

normalized by the area was quantified (intensity/area) in cellular regions of the DRG. In 

some initial experiments data were also analyzed by counting the number of red and green 

cells using Image J and normalizing to the area; conclusions were similar with the two 

methods. The latter method allowed counting of double-labeled cells as well; these were 

found to be relatively small portion of the total cells and so most subsequent experiments 

used the intensity method (see Results).

2.6 Enzyme-linked immunosorbent assay (ELISA)

Animals were terminally anesthetized with isoflurane and lumbar DRG (L3 and L4) were 

rapidly removed and homogenized in RIPA lysis buffer (catalog 20-188, Sigma) containing 

MS-SAFE protease and phosphate inhibitors (catalog MSSAFE, Sigma), and centrifuged to 

remove cell debris. Protein concentrations were assessed by the Qubit protein assay kit and 

samples were analyzed using the CCL2 ELISA assay (catalog MJE00B, R&D System). A 

standard curve was included in the experiment, and the assay used according to the protocol 

provided by the manufacturer.

2.7 Statistics and data analysis

Scientific rigor and sample sizes were based on our similar and published experiments 

(Ibrahim et al., 2018; Tonello et al., 2020)). Graphpad Prism (La Jolla, CA), version 6 

software was used for statistical analysis; version 8 was used for 3-way ANOVAs presented 

in supplementary data. Mice were assigned to experimental groups at random. For analysis 

of quantified immunohistochemical data, multiple sections per animal were analyzed and the 

statistics were performed using the average values from each animal. Immunohistochemical 

experiments were conducted as side-by-side comparisons of experimental and control 

images, and the data are presented as normalized to the control value to allow for differing 

absolute intensity values in different experiments. Since ratios were being analyzed, 

statistics were done on log transformed data although linear data is presented for ease of 

viewing. Time course data were analyzed using two-way repeated measures ANOVA with 

Bonferroni posttest to determine on which days experimental groups differed. For these 

analyses, F values for the comparison between groups are given as F 

(degrees freedom in numerator, degrees freedom in denominator). Except where indicated, comparisons 

between groups in other experiments were performed with one-way ANOVA, followed by 

Bonferroni’s post-hoc analysis, or with unpaired Student’s t-test. Twotailed tests were used 

throughout. Significance was ascribed for p<0.05. Levels of significance are indicated by the 

number of symbols, e.g., *, p = 0.01 to <0.05; **, p = 0.001 to 0.01; ***, p < 0.001. Data are 

presented as mean ± S.E.M.
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3. Results

3.1 DRG inflammation leads to mechanical pain behaviors in mice

The DRG inflammation model was originally developed in rats and involved inflaming the 

L5 DRG with 10 μl of 2 mg/ml zymosan in incomplete Freund’s adjuvant (Xie et al., 2012). 

To adapt the model to mice, the volume injected was reduced to 3 μl and the L4 DRG 

(analogous to the rat L5 DRG (Rigaud et al., 2008)) was inflamed. As shown in Fig. 1, 

zymosan-injected animals rapidly developed mechanical allodynia, as indicated by a 

significant reduction in von Frey threshold in the ipsilateral hindpaw, which lasted for ~3 

weeks (Fig. 1A, B). A more modest and short-lasting increase in guarding behavior also 

developed on the ipsilateral side (Fig. 1C). The results were similar to those in the rat except 

that the mechanical hypersensitivity resolved faster in mice (3 weeks vs. 4 – 5 weeks) (Xie 

et al., 2012). To use an operant test in addition to the reflexive von Frey test, we also used 

the mechanical conflict avoidance test (Shepherd and Mohapatra, 2018), in which the mice 

must cross a chamber touching a lattice of sharp pins in order to escape from a naturally 

aversive light stimulus to reach a dark chamber. With this test, the latency to enter the 

chamber was longer when the pins were set at a 5 mm height instead of a 0 mm height (data 

not shown), and the latency at the 5 mm height was higher in the LID mice compared to 

sham controls (Fig. 1D). Results were similar for males and females (see supplemental Fig. 

A2 for results separated by sex) and data have been combined.

3.2 DRG inflammation predominately increases Ccr2+/RFP MØ in the DRG

In order to examine the possible roles of different subsets of MØ, we used mice in which 

MØ expressing the CCR2 receptor also expressed red fluorescent protein, and MØ 

expressing the CX3CR1 receptor also expressed green fluorescent protein. As shown in Fig. 

2 and supplemental Fig. 3A, most labeled cells in the normal or sham operated DRG were 

resident or Cx3cr1+/GFP MØ; e.g. 80.2% of labeled cells overall in the sham operated 

animals at the 4 different time points shown in Fig. 2. The relatively high density of resident 

macrophages in the DRG was similar to that observed in a previous study (Krishnan et al., 

2018). However, it was the relative number of Ccr2+/RFP MØ that increased most 

significantly after DRG inflammation, with significant ~2 fold increases (compared to sham 

operated animals) on days 4, 7, and 14 after DRG inflammation, decreasing to 1.5 fold (not 

significant) on day 28 when behavior was beginning to resolve. In contrast, the fold-

increases in Cx3cr1+/GFP macrophage density were much smaller, reaching significance only 

on day 7 (1.4-fold). Qualitatively, the Cx3cr1+/GFP macrophages seemed to undergo a 

marked shape change after DRG inflammation, with larger cell bodies and forming circular 

structures putatively around sensory neurons, but this finding was not well captured with our 

quantitative methods, not reaching significance even if signal intensity rather than cell 

counts were used (data not shown). Some double labeled MØ were also observed; however, 

the absolute number was small (generally comprising 1-5% of all labeled MØ; note different 

y axis scales in Fig. 2); these were not analyzed further and subsequent experiments 

analyzed the overall red and green intensity/area in DRG sections.

Zhang et al. Page 6

Brain Behav Immun. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3 DRG inflammation increases CCL2 in the DRG

The increase in Ccr2+/RFP MØ after DRG inflammation suggested that CCL2 levels in the 

DRG might be increased, as we previously reported in the rat model (Xie et al., 2016). This 

was confirmed by ELISA assay of protein isolated from inflamed and sham DRGs. As 

shown in Fig. 3, CCL2 increased 5-6 fold on day 4 and day 14 after DRG inflammation, 

returning to near control values on day 21, a time point at which mechanical hypersensitivity 

(and numbers of Ccr2+/RFP MØ) was beginning to resolve.

3.4 Reducing macrophage infiltration reduces pain behaviors:

To further examine the role of infiltrating Ccr2+/RFP MØ, we used three different methods in 

order to reduce macrophage infiltration:

Global knockout of the CCR2 receptor: First, we used genetic knockout of the CCR2 

receptor, by using the parent strain Ccr2RFP/RFP in which both copies of the Ccr2 gene have 

been replaced by RFP. As shown in Fig. 4, mice of this genotype had significantly smaller 

von Frey responses to DRG inflammation. There were no sex differences in the genotype 

effect (Supplemental Fig. A4) and no effect of genotype on baseline thresholds.

CCR2 inhibitor: As a second method of investigating the role of the Ccr2+-expressing MØ 

in the DRG inflammation model, we used the small molecule specific CCR2 inhibitor 

INCB3344 (Brodmerkel et al., 2005). The drug was injected intravenously on three 

sequential days, the day before, of, and after DRG inflammation. As shown in Fig. 5, this 

treatment reduced mechanical hypersensitivity and paw guarding induced by DRG 

inflammation. This effect was observed in both sexes (Supplemental Fig. A5).

The INCB3344 injections reduced the Ccr2+/RFP MØ in the inflamed DRG, but not the 

Cx3cr1+/GFP MØ as measured on day 4 after DRG inflammation (Fig. 6). The INCB3344 

treatment reduced RFP intensity to 23% of that seen in vehicle treated animals.

3.5 Macrophage depletion with liposomal clodronate had time-dependent effects on pain 
behaviors

Liposomal Clodronate: As a third method for manipulating MØ, we used liposomal 

clodronate, injected intravenously 2 days prior to DRG inflammation. The liposome-

encapsulated cytotoxin clodronate is taken up by MØ, a method commonly used to deplete 

circulating monocytes that has varying effects on resident macrophages (Van Rooijen and 

Sanders, 1994) but does not deplete spinal cord microglia (Peng et al., 2016). As shown in 

Fig. 7, this treatment significantly reduced the von Frey and guarding responses in wildtype 

mice. Effects were similar in males and females (Supplemental Fig. A6). The magnitude of 

the clodronate effect on measured behaviors was similar to the magnitude of global CCR2 

knockout. As we have previously reported (Tonello et al., 2020), macrophages were 

successfully depleted by systemic clodronate (Supplemental Fig. A7) in wildtype mice. In 

the reporter mice, the clodronate treatment markedly reduced Ccr2+/RFP MØ in the inflamed 

DRG to 46% of the control value, but had only a minor but significant effect on Cx3cr1+/GFP 

MØ (Fig. 8), reducing to 86% of the control value. Both values are close to the values 

predicted from the data in Fig. 2 by assuming that clodronate causes the loss of LID-induced 
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increases in Ccr2+/RFP and double-labeled MØ (predicted values of RFP intensity to 50% 

and GFP intensity to 86% of the values observed in vehicle treated animals on POD 4). As 

confirmation of depletion of circulating monocytes, sections of the spleen also showed 

marked reduction in both Cx3cr1+/GFP and Ccr2+/RFP monocytes (Fig. 8).

Delayed clodronate injection: As an initial experiment to determine whether the role of 

infiltrating MØ changed with time, we injected liposomal clodronate 12 days after DRG 

inflammation, a time at which mechanical hypersensitivity was already well established. As 

shown in Fig. 9, this delayed injection had an effect opposite to that of clodronate injected 

just prior to DRG inflammation, causing a small but significant decrease in the von Frey 

threshold. The guarding behavior had already disappeared by day 12, and scores remained at 

0 after the delayed clodronate injection (data not shown). Also in contrast to the early 

clodronate injection, delayed clodronate injection significantly depleted not only Ccr2+/RFP 

MØ (to 35% of the value seen in vehicle treated animals), but also Cx3cr1+/GFP MØ (to 57% 

of the value seen in vehicle treated animals) in the inflamed DRG of reporter mice, 

measured 2 days after the injection (Fig. 10).

4. Discussion

In this study we demonstrated that the local DRG inflammation model of low back pain and 

radiculopathy first developed in rats (Xie et al., 2012; Xie et al., 2006) could be readily 

extended into mice. This allowed us to examine the roles of genetically labeled subsets of 

MØ in the model. We found that the CCR2-expressing MØ subset played an important role 

in the initiation of mechanical and spontaneous pain in the model. Two of the manipulations 

used to affect this subset, CCR2 knockout and systemic application of a CCR2 inhibitor, 

would be expected to have global effects and may have had multiple sites of action. 

However, the similarity of these two treatments’ effects on pain behaviors to the effect of 

liposomal clodronate provides evidence for the importance of effects on macrophages rather 

than only neuronal effects. Liposomal clodronate, which temporarily depleted macrophages 

just prior to DRG inflammation and reduced the increase in CCR2-expressing MØ in the 

inflamed DRG, while having only a minor effect on the numbers of CX3CR1-expressing 

MØ in the DRG, would not a priori be expected to directly affect neurons. The behavioral 

effects of clodronate on pain behaviors were maintained for the duration of the experiment 

(15 days), although recovery of circulating MØ after i.v. clodronate in mice requires less 

than a week (Sunderkotter et al., 2004), suggesting a key role of clodronate-sensitive MØ in 

the establishment phase of pain behaviors. Further evidence for the role of the CCR2-

expressing MØ was the ability of a specific CCR2 antagonist, INCB3344, to reduce pain 

behaviors as well as reducing the DRG inflammation-induced increase of CCR2-expressing 

(but not CX3CR1-expressing) MØ in the DRG, similarly to clodronate.

Our data supporting a key role for this subset of MØ per se are particularly interesting in 

view of the many studies showing important roles for direct excitatory CCL2/CCR2 effects 

on sensory neurons and in the spinal cord (where CCL2 can be released by sensory 

neurons), in a number of different types of pain models including those involving nerve 

injury, chemotherapy-induced pain, and peripheral inflammation (e.g. (Chun and Kwon, 

2019; Illias et al., 2018; Serrano et al., 2010; Van Steenwinckel et al., 2011; White et al., 
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2005; Zhang et al., 2013; Zhang and Koninck, 2006)). In some of these studies possible 

roles for macrophages were not examined, and in some of the studies primarily very acute 

effects of CCR2 inhibition on pain behaviors or neuronal excitability were examined. We 

would in general not have observed such acute effects in our experimental paradigms. 

Conversely, studies supporting a key role for macrophages in mediating CCL2/CCR2 effects 

in pain behaviors also involved a number of different types of pain models (e.g. (Bravo-

Caparros et al., 2020; Hackel et al., 2013; Trevisan et al., 2016; Van Steenwinckel et al., 

2015)). Peripheral nerve injury models may induce MØ infiltration at the injury site, in the 

DRG, or even in the spinal cord, and there has been some controversy about which site is 

most important (e.g. see (Yu et al., 2020) and references therein), as well as demonstrations 

that MØ at these two sites may have different properties (Komori et al., 2011). However, 

these considerations may not be important in the model used for our study, since it involves 

direct local inflammation at the site of the DRG and there is no peripheral nerve injury site. 

Macrophages in the DRG are uniquely situated to affect sensory neuron function, may differ 

functionally from those infiltrating peripheral nerve (see above). Our model may be very 

well suited to exploring the function of these DRG macrophages.

Most of the above cited studies (also see Introduction) imply a pro-nociceptive role for the 

CCL2/CCR2 system during the pain induction process, regardless of whether the most 

important direct site of action is sensory neurons or infiltrating MØ or a synergism between 

the two. Since neuronal effects of CCL2 are also pronociceptive, in our model there may be 

a mutually reinforcing effect of macrophage and neuronal sites of action of the experimental 

manipulations we used. However, there is less agreement about the role of CCL2/CCR2 in 

the maintenance phase of pain. Studies disagree about whether the CCL2 upregulation or 

sensitivity to CCR2 inhibition is maintained or only seen at the beginning of various pain 

models (Lee and Zhang, 2012; Noh et al., 2020; Willemen et al., 2014; Zhang and Koninck, 

2006; Zhu et al., 2014). Recently, we have demonstrated that local sympathectomy promotes 

resolution of chemotherapy-induced pain by increasing not only anti-inflammatory 

cytokines but also CCR2 and CCL2 transcripts (Tonello et al., 2020), suggesting an 

alternative beneficial role for the CCL2/CCR2 signaling. Here, we found that clodronate 

injections were anti-nociceptive if done on day 14, after pain was well established, which 

would be consistent with a change in the role of CCR2+ MØ with time. Another explanation 

for this result is that the CX3CR1+ macrophages in the DRG play an antinociceptive or 

pain-resolving role, and were depleted by delayed clodronate because the inflammation of 

the DRG increased local drug accessibility. Further studies are needed to elucidate the role 

of different MØ subsets at later times. Our previous study suggested a pain-resolving role for 

CCL2 in the DRG in the context of mediating antinociceptive effects of local 

sympathectomy a chemotherapy pain model (Tonello et al., 2020). Understanding the role of 

CCL2/CCR2 in pain maintenance will be important for developing possible therapeutic 

applications targeting this system.

This study agrees with preclinical studies using other models of low back pain implicating 

CCL2/CCR2 as an important pro-nociceptive factor (White et al., 2005; Zhu et al., 2014). 

Some human studies also support a role of the CCL2/CCR2 system in low back pain of 

various etiologies (Lippi et al., 2017; Palada et al., 2019; Peng et al., 2017; Romero-Sanchez 

et al., 2011; Teodorczyk-Injeyan et al., 2018).
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Our study cannot rule out roles for the CX3CR1-expressing MØ population. There was little 

change in the numbers of these cells in the DRG after DRG inflammation, clodronate or 

INCB treatment, but a change in morphology was noted. The relatively large numbers of the 

CX3CR1-expressing MØ we observed in the DRG (compared to, for example, peripheral 

nerve) and our interpretation that these are resident macrophages are consistent with 

previous studies (Kolter et al., 2020; Krishnan et al., 2018). Study of the role of these cells is 

complicated by the fact that the green label also marks microglia in the spinal cord. In 

addition, a small population of patrolling monocytes in the blood are also Cx3Cr1-positive, 

and have been shown to play a pronociceptive role in a chemotherapy pain model(Montague 

et al., 2018; Old et al., 2014).

In summary, this study made use of mouse genetic tools to begin to examine the role of 2 

key defined subpopulations of MØ, and established a key role for CCL2 and CCR2-

expressing MØ in initiating pain behaviors in a model of low back pain induced by local 

inflammation of the lumbar DRG. Future studies may focus on using the same genetic tools 

to isolate distinct populations of DRG MØ at different time points, to determine how their 

molecular properties may contribute to initiation and maintenance of pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights for Li Zhang et al.

• CCR2- and CX3CR1-expressing macrophage subsets may play distinct roles 

in pain

• Local DRG inflammation (a radiculopathy model) increased pain behaviors in 

mice

• DRG inflammation increased CCL2 and CCR2+ macrophages in the DRG

• Three methods of reducing CCR2+ macrophage infiltration reduced pain 

behaviors

• Genetically identifying macrophage subsets can elucidate macrophage roles 

in pain

Zhang et al. Page 14

Brain Behav Immun. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1: 
Effect of local inflammation (“LID”) of the dorsal root ganglion (DRG) on pain behaviors in 

mice. Baseline behaviors were measured 1 day prior to surgery; the value is plotted on day 

0. On day 0, the L4 DRG was inflamed with 3 μl of zymosan in incomplete Freund’s 

adjuvant. The control group received sham surgery with no zymosan injection. A, von Frey 

threshold on the ipsilateral side; B, von Frey threshold on the contralateral side; C, guarding 

score (maximum score is 3) on the ipsilateral side (no contralateral guarding was observed); 

D, latency to enter chamber with lattice of pins at 5 mm height; #, p<0.05; ##, p<0.01; ###, 

p<0.001; significant overall effect for the sham vs. LID factor, or n.s., not significant (2 way 

repeated measures ANOVA); F(1,14) = 161.7 (A); 0.07, p = 0.80, n.s. (B); 9.7 (C); and 5.48 

(D). In panel A and C the interaction effect was also significant. *, p<0.05; **, p<0.01; ***, 

p<0.001; significant difference between the groups at the indicated time point (Bonferroni's 

multiple comparisons posttest). N = 8 mice/group, wildtype, 4 of each sex (see also 

supplemental Fig. A2).
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Fig. 2: 
Effect of local DRG inflammation (“LID”) on density of Cx3cr1+/GFP, Ccr2+/RFP, and 

double-labeled MØ in cellular areas of the DRG. DRG sections were obtained from sham 

operated animals, or at the indicated postoperative days (“POD”) after DRG inflammation, 

and the RFP and GFP signals measured (sample images shown as RFP/GFP merged). Scale 

bar, 50 μm. Summary data show the density of GFP, RFP, and double labeled cells. ##, 

p<0.01; ###, p<0.001; significant overall effect of the LID/sham factor (2 way repeated 

measures ANOVA); F(1,6) = 22.4 (Cx3cr1+/GFP; F), 117.2 (Ccr2+/RFP; G) and 45.9 (double-

labeled cells, H). The interaction effect was not significant in any of the groups. *, p<0.05; 

**, p<0.01; ***, p<0.001; significant difference between the LID and sham values at the 

indicated time point (Bonferroni's multiple comparisons posttest). N = 4 reporter mice/group 

(both sexes) at each time point. Images from inflamed DRG were always compared side-by-

side with images from sham operated DRG at the same time point; the example shown of the 

sham DRG is from the day 4 sham group. Sample images from normal DRG and other sham 

POD can be seen in supplemental Fig. A3. Insets are 1.75 x magnification.
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Fig. 3. 
Effect of DRG inflammation on CCL2 protein levels in the DRG. Inflamed DRGs (“LID”) 

or DRGs from sham-operated controls were obtained at the indicated postoperative day 

(POD), and CCL2 concentration measured with ELISA. #, p<0.05; significant overall effect 

for the sham vs. LID factor. **, p<0.01; *, p<0.05; significant difference between sham and 

LID groups at the indicated time points (2 way repeated measures ANOVA with Bonferroni 

posttest); F(1,6) = 9.63, p = 0.02 for LID vs. sham factor. The interaction factor was also 

significant (p = 0.03). N = 4 mice per group (wildtype; both sexes).
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Fig. 4: 
Effect of Ccr2 knockout on behaviors induced by local inflammation of the dorsal root 

ganglion (DRG). Baseline behaviors were measured on 2 days prior to surgery, the average 

value is plotted on day 0. On day 0, the L4 DRG was inflamed. A, von Frey threshold on the 

ipsilateral side; B, ipsilateral guarding score (maximum score is 3). ###, p<0.001; significant 

overall effect for genotype factor (2 way repeated measures ANOVA); F(1,14) = 127.7 (A); 

2.33, not significant (n.s.), p = 0.15 (B). In both panels the interaction effect was significant. 

**, p<0.01; ***,p<0.001; significant difference between the groups at the indicated time 

point (Bonferroni's multiple comparisons posttest). N = 8 mice/group, 4 of each sex. Data 

separated by sex can be found in supplemental Fig. A4.
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Fig. 5: 
Effect of CCR2 inhibitor INCB3334 on behaviors induced by local inflammation of the 

dorsal root ganglion (“LID”). Baseline behaviors were measured on 2 days prior to and just 

prior to the DRG inflammation surgery on day 0. INCB3334 or vehicle was injected 

intravenously on days −1, 0, and 1 (blue arrows; behaviors measured 2 hours later). A, von 

Frey threshold on the ipsilateral side; B, ipsilateral guarding score (maximum score is 3). 

###, p<0.001; significant overall effect for INCB3344/vehicle factor (2 way repeated 

measures ANOVA); F(1,14) = 49.9 (A); 18.9 (B). In both panels the interaction effect was 

also significant. **, p<0.01; ***,p<0.001; significant difference between the groups at the 

indicated time point (Bonferroni's multiple comparisons posttest). N = 8 mice/group, 

wildtype, both sexes. Data separated by sex can be found in supplemental Fig. A5.
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Fig. 6: 
Effect of CCR2 inhibitor INCB3334 on Cx3cr1+/GFP and Ccr2+/RFP macrophage density. 

Reporter mice received either INCB3334 or vehicle, intravenously, for 3 sequential days; on 

the second day, the DRG was inflamed. 4 days after DRG inflammation DRGs were 

obtained from INCB3344 treated (top) or vehicle treated (middle) the RFP and GFP signals 

measured (images shown as RFP/GFP merged). Intensity data in sections from INCB3334-

treated mice were normalized to the intensity in vehicle treated mice measured in side-by-

side experiments (dotted line). Scale bar, 50μm. Summary data: *, p<0.05; significant 

difference between vehicle and INCB3334 treated groups, ratio t-test. N = 3 reporter mice 

per group, both sexes.
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Fig. 7: 
Effect of intravenous liposomal clodronate on behaviors induced by local inflammation 

(“LID”) of the dorsal root ganglion (DRG). Baseline behaviors were measured 1 day prior to 

surgery, the value is plotted on day 0. Liposomal clodronate was injected on day −2. The 

control group received vehicle liposome injection. On day 0, the L4 DRG was inflamed. A, 

von Frey threshold on the ipsilateral side; B, ipsilateral guarding score (maximum score is 

3). ###, p<0.001; significant overall effect for the vehicle vs. clodronate factor (2 way 

repeated measures ANOVA); F(1,14) = 14.1 (A); 22.18(B). In both panels the interaction 

effect was also significant. ***,p<0.001; significant difference between the groups at the 

indicated time point (Bonferroni's multiple comparisons posttest. N = 8 mice/group, 

wildtype, 4 of each sex. Data separated by sex can be found in supplemental Fig. A6.
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Fig. 8: 
Effect of pretreatment with liposomal clodronate on Cx3cr1+/GFP and Ccr2+/RFP MØ 

density. Reporter mice received either intravenous liposomal clodronate or vehicle control 

injections. 2 days later, the DRG were inflamed. DRG (top, scale bar 20 μ ) and spleen 

sections (middle; scale bar 200 μ) were obtained 4 days after inflammation and the RFP and 

GFP signals measured (images shown as RFP/GFP merged). Insets are 1.75 x magnification. 

Intensity data in sections from clodronate-treated mice were normalized to the intensity in 

vehicle treated mice measured in side-by-side experiments (dotted lines). *, p<0.05; *** 

p<0.001; significant difference between vehicle and clodronate treated groups, ratio t-test. N 

= 4 reporter mice per group, both sexes.
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Fig. 9: 
Effect of CCR2 delayed liposomal clodronate injection on mechanical hypersensitivity 

induced by local inflammation of the dorsal root ganglion (“LID”). Baseline behaviors were 

measured on 2 days prior to the DRG inflammation surgery on day 0, and the average is 

plotted on day 0. Liposomal clodronate or vehicle was injected intravenously on day 12 

(dotted line). #, p<0.05; significant overall effect for clodronate vs. vehicle factor (2 way 

repeated measures ANOVA); F(1,14) = 5.8. The interaction effect was also significant. *, 

p<0.05; **, p<0.01; significant difference between the groups at the indicated time point 

(Bonferroni's multiple comparisons posttest). N = 8 mice/group, wildtype, both sexes.
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Fig. 10: 
Effect of delayed treatment with liposomal clodronate on Cx3cr1+/GFP and CCR2+/RFP 

macrophage density. Reporter mice received DRG inflammation on day 0, followed on day 

12 by either intravenous liposomal clodronate or vehicle control injections. 2 days later, the 

DRG and spleen were isolated. RFP and GFP signals were measured in DRG (left, scale bar 

20 μm ) and spleen sections (right; scale bar 200 μ ). Intensity data in sections from 

clodronate-treated mice were normalized to the intensity in vehicle treated mice measured in 

side-by-side experiments (dotted line). *, p<0.05; ***, p<0.001; significant difference 

between vehicle and clodronate treated groups, ratio t-test. N = 4 reporter mice per group, 

both sexes.
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