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Editorial on the Research Topic
 Novel Molecular Targets for the Treatment of Pain



The chronic pain and opioid epidemics are two interdependent public health crises that have challenged the United States, in particular, and the world in general for more than 20 years. Chronic pain affects more than 100 million people in the USA, is growing in incidence as the population ages, can severely impact patient quality of life, and has economic costs of more than $600 billion in the USA alone (Breivik et al., 2009; Gaskin and Richard, 2012). In response, opioid prescribing has risen rapidly for two decades, resulting in an opioid abuse and overdose crisis that claims more than 40,000 lives annually in the USA (Lozano et al., 2012; Warner et al., 2016). These twin crises highlight the vast medical and social need to develop new treatments for chronic pain that are non-opioid or mitigate the negative effects of opioid therapy. However, despite a rapid increase in our understanding of the basic science of the pain and opioid systems, this knowledge has not yet translated into new therapies (Woodcock et al., 2007; Olson et al., 2017).

By identifying new targets and new approaches to treat pain, we may be able to design new therapies to efficaciously treat chronic pain without the drawbacks of current opioid therapies. This collection of novel basic science research articles titled “Novel Molecular Targets for the Treatment of Pain” is intended to stimulate research into these novel targets by the scientific community, which could then lead to the clinical development of new drugs.

This collection naturally falls into several themes, the first of which is novel regulation of the mu opioid receptor (MOR), the primary target of clinical opioids like morphine (Matthes et al., 1996; Olson et al., 2019). Original research from the Briddon and Canals groups demonstrated novel molecular events for the MOR after stimulation by the high efficacy agonist DAMGO; understanding of exactly how the MOR desensitizes and internalizes could lead to new methods to manipulate this process to improve opioid therapy (Gondin et al.). Several review articles also highlighted new areas of research into MOR regulation. The Filizola group reviewed recent advances in modeling the MOR activation process using molecular dynamics simulation (Ribeiro and Filizola). The Traynor group reviewed the role of Regulator of G Protein Signaling (RGS) proteins in regulating MOR activation, including the use of novel inhibitors to produce opioid-sparing or enhancement of endogenous opioid activity (Senese et al.). Lastly, the Veldhuis group reviewed exciting recent advances in separating membrane from internalized receptor signaling, how internalized signaling contributes to pain states, and how these disparate signaling states can be targeted by location-biased drugs (Retamal et al.).

The next major theme consisted of targeting other anti-nociceptive receptor systems to achieve pain relief without the side effects of MOR stimulation, particularly addiction, and respiratory depression. The Massotte group used elegant peripherally-restricted knockout of the delta opioid receptor (DOR) to demonstrate that the β2-adrenergic agonist formoterol produced efficacious anti-nociception in a neuropathic pain model via peripheral DOR (Ceredig et al.). This finding suggests that formoterol could be re-purposed from its current use as an adrenergic agonist as a novel non-opioid analgesic. The DOR has been a target of great interest for some time due to its ability to produce anti-nociception without addiction or respiratory depression, especially in inflammatory pain states. An overview of the DOR in pain and how it can be targeted in the future was written by the Gendron group, with a special emphasis on DOR intracellular trafficking, which strongly impacts receptor competency to relieve pain (Quirion et al.). The DOR has been implicated in other uses as well, such as the treatment of migraine pain (Charles and Pradhan, 2016).

Another alternate receptor system of interest is the cannabinoid receptor type-1 (CB1R). The CB1R can also produce anti-nociception, and while it can have unwanted psychoactive side effects, these side effects do not rise to the severity of addiction and respiratory depression caused by opioids (Rabgay et al., 2020). The CB1R is also the main target of the phytocannabinoid Δ9-tetrahydrocannabinol from the plant Cannabis sativa, and is thus of great interest considering the growth in recreational and medicinal marijuana (Morales et al., 2017). A study in this collection from the Laprairie group found that the non-steroidal anti-inflammatory drug indomethacin acts as a positive allosteric modulator of the CB1R (Laprairie et al.). This finding establishes a new CB1R drug scaffold for the creation of novel therapeutics.

The third theme of our collection is inflammatory regulation, which can contribute to both pain and the side effects of opioid drugs (Okun et al., 2011; Pan et al., 2016). Original research from the Schmidt group showed that granulocyte-colony stimulating factor (G-CSF) induced the recruitment of Ly6G positive neutrophils to the site of oral cancer, which released endogenous opioids to prevent or block oral cancer pain (Scheff et al.). This suggests that G-CSF could be used as a novel therapeutic for oral cancers. Work from the Jang-Hern Lee group showed that interleukin-1β was released in the early stages of spinal cord neuropathic pain to repress P450c17 expression and slow the development of neuropathic pain (Choi et al.), suggesting that enhancing activity of this pathway could slow or prevent the development of neuropathy. Lastly, the Laumet group provided a comprehensive review of the role of T cells in pain, including in the transition to chronic pain and resolution of pain, suggesting new ways to manipulate these cells to improve different pain states (Laumet et al.).

The last theme of our collection is higher level organization of proteins that contribute to pain and anti-nociception. The Baumbauer group provided original research showing that Tissue Inhibitor of Metalloproteinases-1 (TIMP-1) attenuates the development of inflammatory pain, by preventing the tissue remodeling performed by metalloproteinases (Knight et al.). This work suggests that new approaches to block MMP activity could block the development of pain states. The Streicher group also provided original research showing that the Heat shock protein 90 (Hsp90) isoform Hsp90α and the co-chaperones p23 and Cdc37 promote opioid anti-nociception in the brain (Lei et al.), highlighting the potential of isoform-selective Hsp90 inhibitors to improve opioid therapy.

Together, this collection highlights exciting new advances in the pain field using molecular neuropharmacology. The work of decades has made it clear that no one “silver bullet” is the key to solving the problem of the chronic pain and opioid crises. Multiple novel approaches from multiple angles, including the novel targets highlighted here, will be needed to construct a comprehensive and multi-targeted solution for these challenges and assist the most patients possible. Any of the targets highlighted in this collection could be exploited to create new therapeutics. Our goal is for this collection to contribute to that conversation, progress, and clinical advance to the benefit of society.
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Differential regulation of the μ-opioid receptor (MOP) has been linked to the development of opioid tolerance and dependence which both limit the clinical use of opioid analgesics. At a cellular level, MOP regulation occurs via receptor phosphorylation, desensitization, plasma membrane redistribution, and internalization. Here, we used fluorescence correlation spectroscopy (FCS) and fluorescence recovery after photobleaching (FRAP) to detect and quantify ligand-dependent changes in the plasma membrane organization of MOP expressed in human embryonic kidney (HEK293) cells. The low internalizing agonist morphine and the antagonist naloxone did not alter constitutive MOP plasma membrane organization. In contrast, the internalizing agonist DAMGO changed MOP plasma membrane organization in a pertussis toxin-insensitive manner and by two mechanisms. Firstly, it slowed MOP diffusion in a manner that was independent of internalization but dependent on GRK2/3. Secondly, DAMGO reduced the surface receptor number and the proportion of mobile receptors, and increased receptor clustering in a manner that was dependent on clathrin-mediated endocytosis. Overall, these results suggest the existence of distinct sequential MOP reorganization events at the plasma membrane and provide insights into the specific protein interactions that control MOP plasma membrane organization.

Keywords: G protein-coupled receptor, μ-opioid receptor, G protein-coupled receptor kinase, plasma membrane, fluorescence correlation spectroscopy, fluorescence recovery after photobleaching

Summary Statement

G protein-coupled receptor kinase modulates μ-opioid receptor micro-diffusion at the plasma membrane prior to internalization.


INTRODUCTION

The μ-opioid receptor (MOP) is the GPCR that mediates the analgesic effects of opioids such as morphine, fentanyl, and codeine. Despite being the mainstay analgesics for the treatment of acute pain, prolonged opioid use in inflammatory and chronic pain is severely limited by on-target adverse effects including tolerance and dependence. Furthermore, opioid prescription, abuse and overdose deaths have reached record levels globally (Rudd et al., 2016; Floyd and Warren, 2018), and the development of safer and more effective analgesics remains an unmet medical challenge. Differential regulation of MOP by morphine compared to other synthetic opioids or opioid peptides, has been linked to its increased propensity for tolerance and dependence (Duttaroy and Yoburn, 1995; Morgan and Christie, 2011; Williams et al., 2013); a better understanding of the molecular mechanisms governing MOP regulation is an important step in improving the therapeutic profiles of opioid analgesics.

As with other GPCRs, MOP-mediated signaling is initiated at the plasma membrane via protein–protein interactions between the receptor and its effectors. More recently, compartmentalization of GPCRs and their effectors within distinct subcellular locations or micro-domains of the plasma membrane has been shown to play a key role in their signaling (Sungkaworn et al., 2017; Eichel et al., 2018; Yanagawa et al., 2018). The concept that this may dictate specific cellular responses is particularly relevant in the context of MOP signaling, since MOP activation by different agonists results in distinct regulation and downstream signaling responses. For instance, the peptide agonist DAMGO causes multi-site phosphorylation of the receptor mediated by GRK2/3, inducing robust β-arrestin recruitment, and internalization. In contrast, the alkaloid agonist morphine causes limited receptor phosphorylation, and weak internalization (Doll et al., 2011; Lau et al., 2011; Just et al., 2013; Miess et al., 2018). MOP has been demonstrated to partition into lipid rafts and the dynamics of MOP diffusion at the plasma membrane contribute to the specific signaling responses elicited by different opioid ligands (Huang et al., 2007; Gaibelet et al., 2008; Zheng et al., 2008). For instance, the distribution of opioid receptors, including the MOP, into different nanoscale plasma membrane domains has been shown to be influenced by cholesterol (Rogacki et al., 2018), and MOP mobility, surface density, and the dynamics of plasma membrane lipids is affected by ethanol (Vukojevic et al., 2008b). Lateral mobility of MOP and MOP-G protein coupling is also changed differentially by the activating agonist (Sauliere-Nzeh Ndong et al., 2010) in a manner depending on the membrane cholesterol content (Melkes et al., 2016). Together, these studies suggest a link between distinct functional states of MOP and the dynamic organization of receptors within the plasma membrane. In addition, we have previously reported that DAMGO and morphine elicit different spatiotemporal signaling profiles, and that these are dictated by the lateral redistribution of MOP within the plasma membrane, rather than internalization (Halls et al., 2016). However, these previous studies lacked the temporal resolution required to investigate rapid diffusion changes of the receptor at the cell surface.

Live cell imaging techniques such as FCS and FRAP can provide greater temporal resolution to determine ligand-mediated changes in MOP dynamics and organization at the membrane. FCS is a highly sensitive confocal technique that can be used to quantify the diffusion and number of fluorescent species in small areas of living cells (Diekmann and Hoischen, 2014; Briddon et al., 2018). In FCS, fluorescent particles are excited as they pass through a small, defined confocal volume (∼0.2 fL) leading to time-dependent fluctuations in the detected fluorescence intensity; statistical analysis of these fluctuations using AC or PCH analysis allows the concentration and diffusion of fluorescent proteins to be determined in a small defined area (∼0.2 μm2) of the plasma membrane. FRAP can be used in conjunction with FCS to measure diffusion properties over a larger membrane area and give an indication of the proportion of mobile and immobile proteins (Haustein and Schwille, 2004; Pucadyil et al., 2007).

Here, we investigate the effect of different ligands on the organization and dynamics of MOP at the plasma membrane. Using FCS we quantify changes in the movement (diffusion coefficient; DFCS), number (particle number; N), and clustering (molecular brightness; 𝜀) of a fluorescently labeled SNAP-tagged MOP within small micro-domains of the membrane. Additionally, we use FRAP to determine the diffusion coefficient (DFRAP) and proportion of mobile (MF) receptors over a larger membrane area. We show that the internalizing agonist DAMGO slowed MOP diffusion in a time- and concentration-dependent manner, increased receptor clustering and the proportion of immobile MOP and reduced surface receptor number in a PTx -insensitive manner. These effects were not observed with the antagonist naloxone or the low internalizing agonist morphine. Notably, we were able to delineate the decrease in lateral mobility of MOP in response to DAMGO, which was dependent on GRK2/3 activity, from the clustering and decrease in MOP receptor number, which was dependent on clathrin-dependent endocytosis. These data provide insight into the role of GRKs as agonist-specific regulators of MOP micro-diffusion.



RESULTS

Basal Plasma Membrane Organization of SNAP-MOP Detected by FCS and FRAP

To study the organization of MOP within living cell membranes, we performed FCS measurements on HEK293 cells stably expressing N-terminally SNAP-tagged human MOP (SNAP-MOP). Addition of the SNAP-tag at the N-terminus of the MOP did not alter its function, as shown by the ability of both DAMGO and morphine to inhibit forskolin-induced cAMP production in a similar way to the FLAG-tagged MOP (pEC50s: DAMGO = 7.67 ± 0.26 and 8.11 ± 0.08; morphine = 7.79 ± 0.31 and 7.92 ± 0.32 FLAG-MOP and SNAP-MOP, respectively, n = 4; Supplementary Figures 1A,B). Use of a SNAP-MOP fusion allowed specific labeling of cell surface MOP using a cell membrane impermeable SNAP-Surface® 488 (BG-488) dye that specifically and covalently binds to SNAP-tagged proteins present at the cell surface.

Fluorescence correlation spectroscopy measurements were performed on SNAP-MOP cells by positioning the confocal volume in x-y over the cell cytoplasm, and subsequently on the upper membrane at the peak intensity of a z scan (Figure 1A). FCS fluorescence fluctuation traces were recorded for 30s. The AC analysis yielded a two-component curve, consisting of a fast-diffusing component (τD1; 10–15% of amplitude) indicative of residual free SNAP label with the remainder a slow component (τD2) representing diffusion of the SNAP-MOP (see section “Materials and Methods”). The average dwell time (τD2) and particle number (N) of the SNAP-MOP within the detection volume were obtained from the AC curve, from which the diffusion coefficient (DFCS; μm2/s), and receptor density (N/μm2) were calculated (Figure 1B and see section “Materials and Methods”). These measurements showed that under basal conditions, DFCS for the SNAP-MOP was 0.146 ± 0.016 μm2/s with a receptor density (N) of 157 ± 19 particles/μm2 (n = 14 cells) (Figure 1B). Analysis of the same fluorescence fluctuations using PCH analysis yielded the average molecular brightness (𝜀; counts per molecule per second, kHz) of the fluorescent species (Figure 1C and Materials and Methods), providing an indication of the extent of SNAP-MOP clustering. Under basal conditions PCH analysis of fluctuations from the majority (81%) of cells fitted to a single brightness component with an average 𝜀 of 41.7 ± 3.8 kHz (n = 21 cells) (Figure 1C). Interestingly, in 19% of the cells analyzed, a second brighter component (average 𝜀 = 90.8 ± 14.1 kHz) was detected (Figure 1C), indicating the presence of higher-order oligomeric forms of SNAP-MOP in basal conditions. Of note, the brighter component was always less abundant relative to the single component.
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FIGURE 1. Basal plasma membrane organization of MOP detected by FCS and FRAP. (A) FCS measurement volume was positioned on the upper membrane using a live confocal image (1) and an intensity scan in z (2). (3) Schematic representation of FCS measurements on the membrane of HEK293 SNAP-MOP cells labeled with SNAP-Surface 488 (BG-488) dye. (B) Representative fluctuation trace in basal conditions for autocorrelation (AC) analysis in which fluctuations in intensity (δI) from the intensity mean (<I>) are calculated at two time points (t and t+τ) for all t and a range of τ values to generate an AC function that provides the average dwell time (τD) and particle number (N). τD1 represents the average dwell time of free BG-488 and was set to 32 μs; τD2 represents the average dwell time of BG-488 bound to SNAP-MOP from which the receptor diffusion coefficient (DFCS; μm2/s) was calculated. N represents the number of particles and was used to calculate surface particle concentration (N/μm2). (C) Representative fluctuation trace in basal conditions and subsequent PCH analysis in which the amplitude of the fluctuations can be analyzed by quantifying the photons in defined time bins (100 μs). Super-Poissonian statistical analysis of the resulting frequency histogram allows the molecular brightness (𝜀) of SNAP-MOP containing particles to be determined. Two representative cell measurements under basal conditions are shown with the fit (solid red line) to one component (black squares) or two components (gray squares) accordingly. The poor 1 component fit (dotted red line) for the cell trace represented in gray squares is also shown. (D) Schematic representation of FRAP method and representative image of a cell in basal conditions during the bleaching protocol. Fluorescence recovery average trace of SNAP-MOP in basal conditions that provides a half-time (τ1/2) from which the diffusion coefficient (DFRAP; μm2/s), and mobile and immobile fractions (MF and IF, respectively) are inferred.



In order to ensure that accurate diffusion coefficients were obtained, excitation laser power was optimized to give a maximum signal to noise ratio (highest 𝜀) with minimal spot photobleaching (indicated by no increase in DFCS or decrease in N) (Supplementary Figure 1C). On the basis of these data, subsequent experiments used a laser power of ∼0.08 kW/cm2. FCS measurements were also conducted on cells labeled with a range of BG-488 concentrations that ensured that all of the cell surface receptors had been labeled (saturated N) whilst minimizing the amount of free BG-488 label left after washing. At concentrations of BG-488 above 50 nM, the particle number (N) (Supplementary Figure 1D) and molecular brightness (𝜀) remained constant (Supplementary Figure 1E), indicating labeling of all cell surface receptors. On the basis of these data, subsequent experiments used 200 nM BG-488 label. It was also noted that as the concentration of BG-488 label increased, the number of cells that required a second component for the PCH fit also increased (Supplementary Figure 1E).

Since FCS only measures mobile receptor population, FRAP was performed over a larger area of the lower cell membrane of adherent cells to determine a macro diffusion coefficient (DFRAP), as well as the proportions of mobile (MF) and immobile (IF) receptors (Figure 1D). Using a circular bleach area with radius of 2.2 μm (area ∼ 15 μm2), FRAP measurements showed that under basal conditions 67 ± 4% of the receptor population is mobile over this area with a diffusion rate (DFRAP) of 0.084 ± 0.008 μm2/s which was slower than that measured for FCS (DFCS).

Ligand-Induced Changes in the Plasma Membrane Organization of SNAP-MOP

The effect of ligand stimulation on SNAP-MOP membrane organization was then assessed using FCS and FRAP. Substantial fluorescence remained at the plasma membrane after stimulation with saturating concentrations of the poorly internalizing agonist morphine (30 μM) or the internalizing agonist DAMGO (10 μM) for 20 min (Figure 2A). This is not surprising since we have previously shown that DAMGO-induced internalization reached a maximum 1 h after agonist stimulation (Halls et al., 2016; Miess et al., 2018). We then recorded FCS fluctuation traces of SNAP-MOP following exposure to each ligand and performed AC and PCH analysis (Figure 2B). Stimulation with DAMGO (10 μM) caused a significant decrease in MOP diffusion co-efficient (DFCS) (P < 0.0001, ANOVA and post hoc Sidak’s test; n numbers and ANOVA parameters given in figure legends for this and all subsequent P values) (Figure 2C and Table 1), a decrease in particle number (N) (P = 0.032) (Figure 2D and Table 1), and DAMGO stimulation increased the percentage of cells with a bright second component in PCH analysis (from 15% in vehicle to 37% in DAMGO-treated cells; P = 0.0008), suggesting that DAMGO stimulation induces clustering of SNAP-MOP (Figure 2E and Table 1). These changes were mediated by receptor activation, since they were not present in cells which were pre-treated with the MOP antagonist naloxone (10 μM) (P = 0.001, 0.008, and 0.004 for differences in DFCS, N and clustering in presence and absence of naloxone, respectively). The slowing in diffusion caused by DAMGO was concentration- (Figure 2F) and time-dependent (Figure 2G), with a significant decrease in DFCS seen at concentrations of 1 μM and above (P = 0.003), which is consistent with DAMGO’s potency for recruitment of regulatory proteins (Miess et al., 2018), and after 20 min of stimulation, which is prior to internalization (Miess et al., 2018).
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FIGURE 2. Fluorescence correlation spectroscopy measurements in HEK293 SNAP-MOP cells following ligand stimulation. (A) Representative images from HEK293 SNAP-MOP cells labeled with SNAP-Surface 488 (BG-488) dye after stimulation with vehicle, 30 μM morphine or 10 μM DAMGO for 20 min. Scale bar 10 μm; arrows represent agonist-induced internalization. (B) Representative FCS traces from single HEK293 SNAP-MOP cells after stimulation with vehicle, 30 μM morphine, or 10 μM DAMGO for 20 min (gray area indicates the initial 5 s of data that were removed, see section “Materials and Methods”), and their corresponding AC fit indicating N and τD of SNAP-MOP. (C) Diffusion coefficient of SNAP-MOP upon stimulation with 30 μM naloxone, 30 μM morphine, 10 μM DAMGO (20 min, 37°C), or 10 μM DAMGO after pre-treatment with 30 μM naloxone (30 min, 37°C) (n = 25–107 cells from 5 to 23 independent experiments; one-way ANOVA, F(df1,df2): F(4,416) = 15.04, P < 0.0001). (D) Particle number of SNAP-MOP upon stimulation with 30 μM naloxone, 30 μM morphine, 10 μM DAMGO (20 min, 37°C), or 10 μM DAMGO after pre-treatment with 30 μM naloxone (30 min, 37°C) (n = 25–107 cells from a minimum of 5 independent experiments; F(4,416) = 11.06, P < 0.0001). (E) Molecular brightness of SNAP-MOP after stimulation with 30 μM naloxone, 30 μM morphine, 10 μM DAMGO, or 10 μM DAMGO after pre-treatment with 30 μM naloxone. For each condition, brightness values for the first (left) and second (right) component are shown [n = 30–126 cells from a minimum of 6 independent experiments; F(4,82) = 5.74, P < 0.0001], with the percentage of cells requiring a two-component fit annotated. (F) Diffusion coefficient of SNAP-MOP upon increasing concentration of morphine or DAMGO after 20 min incubation [n = 14–18 cells from 3 independent experiments; F(7,110) = 4.14, P < 0.0001]. (G) Diffusion coefficient of SNAP-MOP upon stimulation with 30 μM morphine or 10 μM DAMGO with increasing time incubation periods [n = 15 from 3 independent experiments; F(7,113) = 4.36, P = 0.0003]. Each data point on the scatter plots represents a measurement from an individual cell (number of cells in parenthesis) and column plots represent mean ± SEM of the indicated number of cells. ∗ denotes significance vs. vehicle treatment and ∧ denotes significance vs. DAMGO control in one-way ANOVA with Sidak’s multiple comparisons test (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001, ∧∧P < 0.01).



TABLE 1. Diffusion coefficient (DFCS), particle concentration (N) and clustering measured by FCS and diffusion coefficient (DFRAP) and immobile fraction (IF) measured by FRAP of SNAP-MOP expressing cells under different treatment conditions.
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In contrast to DAMGO, stimulation with morphine (up to 30 μM) or naloxone alone (30 μM) did not cause any significant changes in DFCS or clustering compared to vehicle treatment (P = 0.91 and 0.24, respectively; Figures 2C–G), indicating that changes in MOP plasma membrane organization are agonist-specific. Interestingly, incubation with naloxone alone significantly increased the particle number (N) compared to vehicle treatment (P = 0.002) (Figure 2D). This increase might indicate that naloxone prevents constitutive MOP internalization observed in vehicle (Figure 2A), resulting in an increase in surface receptor number.

Since FCS can only determine the properties of mobile receptors, we also used FRAP to assess whether ligand stimulation changes the proportion of mobile vs. immobile receptors (Figure 3A). Following exposure of cells to 10 μM DAMGO, the immobile fraction (IF) of MOP was significantly increased from 34 ± 3% in vehicle-treated cells to 52 ± 4% in DAMGO-treated conditions (P < 0.0001) (Figure 3B). In contrast, treatment with morphine or naloxone caused no change in mobile fraction compared to vehicle (P = 0.99 and 0.99, respectively). Contrary to the decrease in DFCS induced by DAMGO, DFRAP remained unchanged upon stimulation with any of the ligands (Figure 3C).
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FIGURE 3. Fluorescence recovery after photobleaching measurements on the lower membrane of HEK293 SNAP-MOP cells following ligand stimulation. (A) Fluorescence recovery curves of HEK293 SNAP-MOP cells during FRAP experiments under control conditions and following stimulation with 30 μM morphine or 10 μM DAMGO for 20 min at 37°C (n = 26–31 from 6 independent experiments). MF, mobile fraction and IF, immobile fraction. (B) Immobile fraction and (C) diffusion coefficient of SNAP-MOP as determined by FRAP (DFRAP) analysis following stimulation with 30 μM naloxone, 30 μM morphine or 10 μM DAMGO (n = 26–31 from 6 independent experiments; one-way ANOVA, F(df1,df2): F(3,114) = 10.48, P < 0.0001). Each data point of the scatter plots represents an individual cell measurement (number of cells in parenthesis) and column plots represent mean ± SEM of the indicated number of cells. ∗ denotes significance vs. vehicle treatment in one-way ANOVA with Sidak’s multiple comparisons test (∗∗∗∗p < 0.0001).



These data therefore suggest ligand-specific changes in MOP membrane organization, with DAMGO stimulation slowing MOP diffusion, reducing surface receptor number, increasing receptor clustering, and the proportion of immobile receptors. While these effects were reversed with naloxone, none of these changes were observed following stimulation with morphine.

MOP Membrane Reorganization Is Independent of Gi/o Protein Activation

The dependence of MOP reorganization on G protein activation was then investigated using PTx as a Gαi/o inhibitor (100 ng/ml, overnight treatment). Consistent with previous data (Halls et al., 2016), inhibition of Gαi/o activation did not prevent DAMGO-induced MOP internalization (Figure 4A) at a PTx concentration that was effective at preventing agonist-induced adenylyl cyclase inhibition (Figure 4B). However, PTx treatment did not affect DAMGO-induced clustering (Figure 4C and Table 1) or slowing in diffusion (Figure 4D and Table 1). Altogether, these data suggest that G protein activation is not necessary for the changes in MOP membrane organization induced by DAMGO.
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FIGURE 4. Effect of pertussis toxin (PTx) pre-treatment on SNAP-MOP function and membrane organization. HEK293 SNAP-MOP cells were exposed to PTx (100 ng/ml overnight, 37°C). (A) Representative images of PTx pre-treated HEK293 SNAP-MOP cells after stimulation with vehicle or 10 μM DAMGO. Scale bar 10 μm, arrows represent agonist-induced internalization. (B) Agonist-mediated inhibition of forskolin-induced cAMP accumulation upon stimulation with 10 μM DAMGO or 10 μM morphine in control (closed bars) or PTx pre-treated cells (open bars) in a CAMYEL BRET assay. Data are shown as percentage of inhibition of cAMP induced by 10 μM forskolin and represent mean ± SEM of 3 independent experiments (one-way ANOVA, F(df1,df2): F(3,12) = 30.17, P < 0.0001). ∧ denotes significance vs. DAMGO or morphine in the untreated condition (∧∧∧∧P < 0.0001) with Sidak’s multiple comparisons test. (C) Molecular brightness [F(3,12) = 5.4, P = 0.014] and (D) diffusion coefficients from FCS measurements of SNAP-MOP after stimulation with 30 μM naloxone, 30 μM morphine or 10 μM DAMGO in PTx pre-treated cells (n = 19–20 cells from 4 independent experiments, F(7,132) = 4.59, P = 0.0001). For each condition, brightness values for the first (left) and second (right) component are shown, with the number of cells requiring a two-component fit indicated as percentage. Each data point on the scatter plots represents a measurement from an individual cell (number of cells in parenthesis) and column plots represent mean ± SEM of the indicated number of cells. ∗ denotes significance vs. vehicle treatment in one-way ANOVA with Sidak’s multiple comparisons test (∗∗P < 0.01).



Effect of Internalization Inhibition on Ligand-Induced Changes in MOP Organization

To investigate whether the DAMGO-mediated changes in MOP organization were dependent on MOP internalization, we used an inhibitor of clathrin-dependent internalization, Pitstop2 (30 μM, 30 min pre-treatment), which has previously been shown to block DAMGO-induced MOP endocytosis (Halls et al., 2016). In FCS experiments, Pitstop2 prevented DAMGO-induced receptor clustering as shown by the reduction in the percentage of cells that showed the second brighter PCH component in the presence of the inhibitor (P = 0.944 DAMGO/Pitstop2 vs. Pitstop2 alone) (Figure 5A). There was also no DAMGO-mediated increase in immobile fraction detected using FRAP in the presence of Pitstop2 (P = 0.95) (Table 1). However, inhibiting internalization did not significantly affect the DAMGO-induced slowing in diffusion measured by FCS (P = 0.028 DAMGO/Pitstop2 vs. Pitstop2 alone) (Figure 5B and Table 1). Altogether, these data suggest that MOP diffuses laterally at the plasma membrane, clustering and immobilizing in clathrin-coated pits prior to internalization. Some MOP organization events such as clustering are dependent on clathrin-mediated endocytosis. However, Pitstop2 was not able to prevent the DAMGO-induced decrease in DFCS, highlighting that a different molecular mechanism must be underlying this micro-diffusion event.
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FIGURE 5. Effect of internalization inhibitor Pitstop2 and GRK2/3 inhibitor Cmpd101 on SNAP-MOP membrane organization. HEK293 SNAP-MOP cells were exposed to the internalization inhibitor Pitstop2 (30 μM, 30 min, 37°C) or GRK2/3 inhibitor Cmpd101 (30 μM, 30 min, 37°C). (A) Molecular brightness of SNAP-MOP after stimulation with vehicle or 10 μM DAMGO in control or Pitstop2 pre-treated cells [n = 32–40 cells from 6 to 8 independent experiments, one-way ANOVA, F(df1,df2): F(3,26) 2.67, P = 0.060]. (B) Diffusion coefficient of SNAP-MOP upon stimulation with vehicle or 10 μM DAMGO in control or Pitstop2 pre-treated cells [n = 26–36 from 6 to 8 independent experiments, F(3,121) = 5.00, P = 0.003]. (C) Molecular brightness of SNAP-MOP after stimulation with vehicle or 10 μM DAMGO in control or Cmpd101 pre-treated cells [n = 36–46 cells from 6 to 8 independent experiments, F(3,28) = 4.86, P = 0.008]. (D) Diffusion coefficient of SNAP-MOP upon stimulation with vehicle or 10 μM DAMGO in control or Cmpd101 pre-treated cells [n = 37–47 cells from 6 to 8 independent experiments, F(3,161) = 4.15, P = 0.007]. For each condition of the molecular brightness data, brightness values for the first (left) and second (right) component are shown, with the number of cells requiring a two-component fit indicated as percentage. Each data point on the scatter plots represents a measurement from an individual cell (number of cells in parenthesis) and column plots represent mean ± SEM of the indicated number of cells or individual experiments. (E) HEK293 were transiently transfected with FLAG-MOP-NLuc and GRK2-Venus to measure GRK2 recruitment in a BRET assay after stimulation with 10 μM DAMGO in control or Cmpd101 pre-treated cells (n = 3 independent experiments). The BRET ratio of vehicle-treated cells was subtracted, data represent mean ± SEM normalized to control condition, ∧∧ denotes significance vs. DAMGO alone (P = 0.002, unpaired Student’s t-test). (F) Quantification of pS375 FLAG-MOP upon stimulation with vehicle or 1 μM DAMGO in control or Cmpd101 pre-treated cells. Phosphorylation of S375 was quantified as the ratio of anti-phosphoS375 (pS375) MOP site antibody immunostaining divided by FLAG immunostaining and normalized to vehicle of the control condition [n = 3 independent experiments, F(3,8) = 9.348, P = 0.005]. ∗ denotes significance vs. vehicle treatment and ∧ denotes significance vs. DAMGO control in one-way ANOVA with Sidak’s multiple comparisons test (ns, not significant, P > 0.05, ∗P < 0.05, ∗∗P < 0.01, ∧P < 0.05, ∧∧P < 0.01).



Effect of GRK Inhibition on Ligand-Induced Changes in MOP Organization

We then investigated a potential role for GRKs in MOP reorganization since interaction with and phosphorylation by these kinases occurs rapidly after receptor activation, prior to internalization and in an agonist-dependent manner (Miess et al., 2018). As expected from an event that precedes internalization, inhibition of GRK2/3 with Cmpd101 (30 μM, 30 min pre-treatment) prevented DAMGO-induced clustering measured with FCS (P = 0.003 DAMGO vs. DAMGO/Cmpd101; P > 0.999 DAMGO/Cmpd101 vs. Cmpd101 alone; Figure 5C and Table 1) and the increase in immobile fraction detected by FRAP (P = 0.442; Table 1). Remarkably, and unlike PitStop2, Cmpd101 also prevented the DAMGO-induced slowing as measured by decrease in DFCS (P = 0.550 DAMGO/Cmpd101 vs. Cmpd101 alone; Figure 5D and Table 1). Cmpd101 treatment significantly reduced GRK2-Venus recruitment to FLAG-MOP-NLuc (Figure 5E) and phosphorylation at one of the key C-terminal phosphorylation residues S375 (Figure 5F), indicating that Cmpd101 prevents both recruitment and subsequent activity of GRK2 at the MOP. These data suggest the existence of a GRK-dependent mechanism (scaffolding or phosphorylation), which results in the DAMGO-stimulated slowing in diffusion and precedes receptor clustering and internalization.



DISCUSSION

The formation of highly dynamic signaling complexes at the plasma membrane of the cell is key for the generation of specific cellular responses to extracellular stimuli. Stimulation of transmembrane proteins such as GPCRs can alter the composition of these receptor-effector platforms to generate a tailored signaling profile. This is illustrated, for example, by the process of receptor internalization, where prolonged stimulation of a GPCR by an agonist leads to phosphorylation of its intracellular domains which results in the recruitment of a myriad of regulatory proteins (including β-arrestins, AP-2, clathrin). These proteins facilitate receptor accumulation in clathrin-coated pits and trafficking of the receptor to intracellular compartments. While receptor endocytosis represents a macroscopic change in receptor reorganization, diffusion of adaptor proteins at the microscopic scale has been suggested to occur prior to internalization (Rappoport et al., 2006). Recent advances in quantitative live cell imaging techniques and receptor labeling have been instrumental in providing further information on these dynamic micro-changes in receptor organization that occur at the plasma membrane prior to receptor accumulation into intracellular compartments (Sungkaworn et al., 2017; Yanagawa et al., 2018). In addition, such studies have also demonstrated that effector proteins such as adenylyl cyclase redistribute and reorganize their micro-environment to generate highly specialized signaling hubs (Ayling et al., 2012).

Understanding such microdomain level diffusion events is of particular relevance for the MOP, since activation of MOP by different ligands results in distinct regulatory profiles. While endogenous opioid peptides and their analogs induce robust receptor internalization, other opioid ligands such as morphine are very weak at driving MOP internalization (Keith et al., 1996; Whistler and von Zastrow, 1998). Moreover, we have recently shown that differential activation of MOP also results in distinct spatiotemporal signaling profiles that are controlled by a change in distribution of the receptor within the plasma membrane (Halls et al., 2016). Here, we have used complementary imaging techniques (FCS and FRAP) to gain further understanding of the changes in plasma membrane MOP distribution that occur following receptor activation with DAMGO (an enkephalin derivative that causes robust MOP internalization) compared to morphine (a poor internalizing agonist).

Our data shows that only DAMGO, but not morphine, can change the lateral organization of the MOP from basal conditions in a concentration and time-dependent manner, prior to its movement to clathrin-coated pits and internalization. We detected significant DAMGO-induced slowing in diffusion at 1 μM after 20 min of stimulation, a time point at which internalization is minimal (Halls et al., 2016). For this reason, we anticipate that this slowing in diffusion alludes to an event prior to receptor endocytosis. DAMGO-induced reorganization occurs at two different levels; there is a micro-reorganization event (reflected in changes in the diffusion coefficient) and macro-reorganization event (which changes surface receptor number, clustering and immobile fraction). Differences between micro- and macro-level MOP organization were also illustrated by the slower MOP diffusion co-efficient determined by FRAP compared to FCS. This can be interpreted as a free local diffusion within a confined domain, but restricted movement across larger distances. Notably, DAMGO-induced changes were only seen in DFCS, but not in DFRAP, consisting with a local change in organization.

Additionally, we showed that the plasma membrane reorganization induced by DAMGO is independent of G protein activation and that the “macro” changes in MOP clustering are mediated by clathrin-dependent endocytosis. Interestingly, the initial slowing of the MOP was only prevented by Cmpd101, a GRK2/3 inhibitor, but was independent of (or occurs prior to) clathrin-mediated endocytosis. This suggests that the large-scale changes induced by internalization such as the decrease in particle number and the increase in molecular brightness represent clustering into coated pits where the receptor is immobilized within the clathrin lattice. We propose that a rapid reorganization event that involves a decrease of the diffusion of MOP occurs at the plasma membrane prior to internalization. Such lateral reorganization requires GRK2 and is likely to be responsible for the distinct agonist-specific signaling patterns that we have previously observed (as per Halls et al., 2016). This reorganization is followed by larger scale movements of the MOP into clathrin-coated pits resulting in clustering and endocytosis (Figure 6).
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FIGURE 6. GRK2 mediates MOP micro-diffusion events that precede internalization. Agonist stimulation of SNAP-MOP with morphine does not alter its constitutive plasma membrane organization. In contrast, agonist stimulation with DAMGO causes re-organization of SNAP-MOP indicated by the decrease in diffusion coefficient (DFCS), the decrease in particle concentration (N), the increase in molecular brightness (𝜀), and the increase in immobile fraction (IF). G protein activation is not involved in SNAP-MOP plasma membrane organization, whereas GRK2/3 activity mediates DAMGO-induced slowing in DFCS independent or prior to clustering and movement of SNAP-MOP into clathrin-coated pits to proceed toward internalization. The latter events are responsible for changes in macro-scale parameters such as the reduced N, increased 𝜀 and IF.



DAMGO-induced slowing in MOP diffusion could be caused by a change in the molecular composition of the receptor complex (i.e., direct interaction with GRKs, although interaction with other phosphorylation-dependent proteins cannot be dismissed) soon after receptor activation and prior to its accumulation in clathrin-coated pits. A change in the composition of the MOP complex on this timescale would be consistent with our previous observations of a DAMGO-induced receptor redistribution to control transient activation of cytosolic and nuclear ERK (Halls et al., 2016). Therefore, not only is the differential recruitment of GRK2/3 by DAMGO vs. morphine important for MOP regulation (Miess et al., 2018), it also plays an essential role in MOP diffusion events that facilitate activation of compartmentalized signaling, revealing a novel role of GRKs as agonist-specific regulators of MOP plasma membrane signaling. On that note, GRKs are typically recognized for their catalytic activity in mediating agonist-induced phosphorylation of GPCRs that eventually result in receptor internalization. Importantly, scaffolding roles for GRKs have also been described in which the kinase participates in the generation of a macromolecular signalosomes in a manner that can be independent of its kinase activity (Penela et al., 2010). The mechanism underlying this GRK-dependent micro-diffusion event of MOP remains to be elucidated and future studies should investigate whether it is the kinase or the scaffolding function of GRK2 that is required for the observed changes in plasma membrane reorganization of MOP.

Several studies have shown the complexity of MOP dynamics within the plasma membrane. Recent FCS and PALM studies have provided unprecedented details on the dynamic lateral organization of MOP and KOP. These studies have shown that in unstimulated cells, GFP tagged receptors are organized into nano-domains that partially overlap with cholesterol-rich domains and are excluded from GM1-ganglioside-enriched domains (Rogacki et al., 2018). However, this study did not report on the changes that may occur upon receptor stimulation. Previous FRAP studies using a GFP-MOP have investigated the lateral diffusion of MOP upon DAMGO and morphine stimulation (Sauliere-Nzeh Ndong et al., 2010). While morphine seemed to induce limited diffusion, with small domain size and diffusion coefficient, DAMGO displayed bigger changes in diffusion range in addition to the effects observed with morphine. Interestingly, these latter long-range changes were absent when receptor endocytosis was inhibited, and the small-range changes seemed to be dependent on G protein activation. Although we did not observe changes in FRAP diffusion coefficients, our FRAP data, showing that upon treatment with Pitstop2 the immobile receptor fraction of DAMGO-activated MOP is not different than vehicle, is in line with these observations. A second FRAP study has shown ligand-dependent changes in the diffusion rate of MOP that are differentially affected by cholesterol depletion (Melkes et al., 2016). Such divergent results concerning the influence of agonists on the diffusion coefficients of MOP can, be attributed to different experimental conditions including the use of different fusion proteins. The attachment of a fluorescent protein tag to the receptor does not allow to distinguish between receptors that are already at the cell surface at the time of stimulation and newly synthesized receptors that are subsequently incorporated into the plasma membrane from the intracellular compartment, thus properties from different receptor pools might have been incorporated. Moreover, addition of the fluorescent protein within the C-terminus could interfere with complex formation and could affect the diffusion rates measured.

Experimental and computational evidence has also highlighted that the membrane organization of MOP can be influenced by changes in lipid content (Vukojevic et al., 2008a; Marino et al., 2016). Cholesterol has been shown to promote MOP homodimerization (Zheng et al., 2012), agonist binding (Gaibelet et al., 2008), coupling with G proteins (Gaibelet et al., 2008; Zheng et al., 2012), and translocation of β-arrestin (Qiu et al., 2011). Such movement between membrane domains with different lipid composition (e.g., cholesterol/non-cholesterol) could account for the slowing in MOP diffusion induced by DAMGO although further experiments should address the role of GRKs in this event. Nevertheless, this provides a potential mechanism by which the direct interaction of lipids with the receptor or the membrane micro-environment can facilitate interactions with specific signaling effectors and account for the agonist-specific spatiotemporal signaling elicited by the MOP (as per Halls et al., 2016).

In summary, we have described here that the plasma membrane reorganization of MOP at the micro scale level is dependent on GRK2/3 and at the macro scale level is dependent on clathrin-dependent internalization. This study therefore reveals an important and novel role of GRKs in modulating plasma membrane MOP organization; and provides evidence that the lateral diffusion of MOP represents a molecular event, distinct and prior to internalization, that is differentially regulated by opioids and controls its spatiotemporal signaling.



MATERIALS AND METHODS

Reagents

D-Ala2,N-Me-Phe4,Gly5-ol-enkephalin was obtained from Mimotopes. Morphine, Rhodamine 6G and M2-anti-FLAG were from Sigma-Aldrich (Gillingham, Dorset, United Kingdom). Naloxone was from Tocris. SNAP-Surface 488 was from New England Biolabs (Ipswich, MA, United States). The antibody anti-pS375 was from Cell Signaling. Secondary antibodies (raised in donkey) conjugated to Alexa-Fluor 488 or 647 were from Jackson ImmunoResearch. Coelenterazine h was from NanoLight. Furimazine was from Promega. Compound 101 was from HelloBio. Pitstop2 was from Abcam. PTx was from Millipore.

Plasmids

To create the SNAP-MOP constructs, the full coding sequence for the human MOP (hMOP) was ligated into a pcDNA3.1(+) vector containing the 5-HT3 receptor membrane localization signal sequence and the SNAP-tag (New England Biolabs, Ipswich, MA, United States) (Gherbi et al., 2015) and a neomycin resistance gene. Initial site-directed mutagenesis was required to remove the internal BamHI site in the MOP receptor while maintaining the amino acid sequence. Additional site-directed mutagenesis was performed to mutate the start codon (Met to Leu) on the MOP cDNAs. These were then ligated to the C-terminus of SNAP using BamHI and XhoI restriction enzymes. The resulting fusion protein contained a Gly-Ser linker between the SNAP open reading frame (ORF) and the MOP ORF.

To create the FLAG-MOP-NLuc, the NLuc sequence (Soave et al., 2016) was ligated immediately after the C-terminus of FLAG-mMOP cDNA without stop codon (Miess et al., 2018) with XhoI and XbaI restriction enzymes in a pcDNA3.1 vector. All sequences were confirmed by DNA sequencing.

GRK2-Venus was from D. Jensen (Columbia University, New York), CAMYEL sensor has been previously characterized (Jiang et al., 2007).

Generation of Cell Lines

Human embryonic kidney cells (ATCC, Middlesex, United Kingdom) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal calf serum and maintained at 37°C in a humidified incubator containing 5% CO2. Cells were transfected with the pcDNA3.1+ vector containing SNAP-MOP constructs using Fugene HD (Promega) as transfection reagent according to the manufacturer’s instructions. Twenty-four hours post transfection, the medium was supplemented with 1 mg/ml G418-selective pressure for 2 weeks for the generation of stable mixed population HEK293 SNAP-hMOP cell line.

Cell Plating and Treatments

Stable mixed population cell lines were plated onto poly-D-lysine–coated 8-well Labtek No.1 borosilicate chambered coverglasses (Nunc Nalgene International, Thermo Fisher Scientific). On the day of the experiment, SNAP tag labeling was performed by incubating cells with 200 nM (or as otherwise indicated) SNAP-Surface 488 (BG-488) dye in fresh cell culture media for 30 min at 37°C. Cells were washed in pre-warmed HEPES-buffered saline solution (HBSS; Briddon et al., 2004) containing 4.5 mM D-glucose and pretreated with inhibitors for 30 min at 37°C, except for pertussis toxin (PTx; 16 h pre-treatment). Inhibitors were used at the following concentrations: 30 μM Pitstop2, 30 μM Cmpd101, or 100 ng/ml PTx. Cells were then stimulated for 20 min (or as otherwise indicated) at 37°C with vehicle (0.3% v/v DMSO), 10 μM DAMGO, 30 μM morphine, 30 μM naloxone, or 10 μM DAMGO after pre-treatment for 30 min at 37°C with 30 μM naloxone.

Fluorescence Correlation Spectroscopy (FCS)

Cells were equilibrated to room temperature (22 ± 2°C) to minimize artifacts from temperature-induced plasma membrane fluctuations. FCS measurements were taken at room temperature on a Zeiss LSM510NLO Confocor 3 inverted confocal microscope using a 40× c-Apochromat 1.2 NA water-immersion objective (Carl Zeiss, Jena, Germany) as previously described (Ayling et al., 2012). The confocal volume was calibrated on the day of each experiment using 20 nM Rhodamine 6G (R6G; D = 2.8 × 10-10 m2/s). The measurement volume was positioned in x and y over a flat portion of a healthy cell using a live confocal image, then approximately on the upper membrane in z. Precise z-positioning on the upper plasma membrane peak was performed using an intensity z-scan at 0.25 μm intervals for ±2 μm. Samples were excited using a 488 nm argon laser with power set to ∼0.08 kW/cm2 as measured at the objective. Fluorescence fluctuations were then collected through a BP505-610IR emission filter for 1 × 30 s.

Autocorrelation and PCH analysis were performed using Zen2010 Black software (Carl Zeiss, Jena, Germany). The dimensions and volume of the detection volume as well as the structure parameter (ratio of volume height to diameter) were determined from a calibration FCS read using 20 nM Rhodamine 6G, fitted to a single 3D diffusion component with a triplet state pre-exponential, as previously described (Briddon et al., 2004). Prior to AC/PCH analysis, the initial 5–10 s of data were removed where bleaching was present (indicated by a rapid decrease in the average count rate) in order to ensure that AC functions reached an asymptote at G(0) = 1. Average MOP dwell times (τD) and particle number (N) were obtained from fitting of AC curves to a two-component diffusion model incorporating a pre-exponential component to account for fluorophore triple state (as per Ayling et al., 2012). This model consisted of a three-dimensional component (τD1) to account for the diffusion in solution of free SNAP BG-488 label, and a two-dimensional component (τD2) to account for the plasma membrane diffusion of the BG-488-labeled SNAP-MOP itself (Figure 1B). The average dwell time of free BG-488 (τD1) was fixed to 32 μs in the fitting process, having been measured directly using 20nM BG-488 in HBSS. The structure parameter was also fixed to the value determined in the calibration fit. All other parameters were allowed to vary in the fitting process. Free BG-488 concentration (% τD1 contribution to the AC amplitude was consistently between 10 and 15% of the total amplitude).

Average dwell time of the SNAP-MOP allowed calculation of the MOP diffusion coefficient (DFCS) using the equation D = ω02/4.τD, where ω0 was the radius of the beam waist of the detection volume determined from the calibration data and τD was the average dwell time of SNAP-MOP in the volume as determined from the AC analysis. Particle number (N) was determined as the fractional contribution of the SNAP-MOP diffusing component (τD2) multiplied by the total particle number (N) as determined by the G(0) value of the fit of the AC curve. This was subsequently expressed in particles per μm2 (N/μm2), by normalizing to the area of the detection volume as projected onto a flat 2D membrane (N/πω02).

Molecular brightness (𝜀) was determined using PCH analysis of the same fluctuation data. For PCH, the first-order correction was obtained from fitting of the R6G calibration data binned at 20 μs, and fixed to this value in subsequent fitting. Data from SNAP-MOP cells were fitted using a bin time of 100 μs. Data were fitted to either a one or two component PCH based on the goodness of fit at high photon counts per bin, visualized on a linear-log scale (Figure 1C).

Fluorescence Recovery After Photobleaching (FRAP)

Fluorescence recovery after photobleaching measurements were performed at room temperature on a Zeiss LSM510NLO Confocor 3 inverted confocal microscope using a 40× c-Apochromat 1.2 NA water-immersion objective using the Zeiss AIM3.5 software (Carl Zeiss, Jena, Germany). After manually focusing on the basal membrane of SNAP-MOP HEK293 cells, images were scanned using 488 nm excitation, with emission collected through a BP505-610IR filter, with pinhole set at 1 Airy unit and gain and offset adjusted to fit the linear response of the PMT detectors. Images (512 × 512 pixels) were acquired continually with no averaging on zoom 2 at a rate of ∼1 frame/second. Ten pre-bleach frames were acquired before bleaching (100 ms, 100% power during 30 iterations) a circular ROI of 2.14 μm radius (area = 14.8 μm2) and fluorescence recovery was followed for a further 120 s.

Data were analyzed using the FRAP Wizard in Zen2010 Black software (Carl Zeiss, Germany). Fluorescence intensity within the bleached ROI of the bottom membrane was quantified over the time course of the experiment. This was background corrected using a similar sized ROI in an area of the image containing no cell and for bleaching during scanning using an ROI in a non-bleached cell. Pre-bleach frames were averaged and used as a baseline to normalize all post-bleach frames. Recovery curves were fitted to a simple exponential recovery curve to obtain a half time of recovery (t1/2) and a recovery plateau (Figure 1D). The mobile fraction (MF) is defined as the intensity of this plateau as a percentage of the pre-bleach control, whilst the immobile fraction (IF) is the percentage difference between intensity of the recovery plateau and the pre-bleach intensity. Diffusion coefficient (DFRAP) was calculated by using the equation D = ω2/4.τ1/2, where ω (μm) is the radius of the bleached area and τ1/2 (s) is the half-time recovery from the fitted curve in Zen2010.

Bioluminescence Resonance Energy Transfer (BRET)

Human embryonic kidney cells were transiently transfected in a 10 cm dish. For CAMYEL, cells were transfected with 2.5 μg of SNAP-MOP and 2.5 μg of CAMYEL biosensor. For GRK2 recruitment assay, cells were transfected with 1 μg FLAG-MOP-NLuc and 4 μg GRK2-Venus. After 24 h, cells were re-plated into poly-D-lysine-coated white opaque 96-well plates (CulturPlate, PerkinElmer) and allowed to adhere overnight. BRET experiments were performed 48 h post-transfection. Cells were washed with HBSS and equilibrated for 30 min at 37°C prior to the experiment. Coelenterazine or Furimazine was added to a final concentration of 5 μM before dual fluorescence/luminescence measurement in a LUMIstar Omega plate reader (BMG LabTech). The BRET signal was calculated as the ratio of light emitted at 530 nm by Venus over the light emitted at 430 nm by Renilla luciferase 8 (RLuc8) or Nano luciferase (NLuc).

For CAMYEL assays, vehicle or DAMGO (at the indicated concentration) was added to control or PTx-pretreated cells for 10 min and baseline was measured for 4 cycles, then 10 μM forskolin was added to induce cAMP production, and the BRET signal was measured for 30 min. CAMYEL concentration response curve was constructed with the data point at 10min after cAMP stimulation by forskolin. Data were normalized to 0% inhibition (forskolin-induced cAMP production) and 100% inhibition (vehicle only without forskolin-induced cAMP production).

For GRK2 recruitment kinetic experiments, the baseline BRET ratio was measured for 4 cycles, then either vehicle (0.01% v/v DMSO) or 10 μM DAMGO was added to control or Cmpd101-pretreated cells, and the BRET signal was measured for 30 min.

Anti-pS375 Immunocytochemistry

Human embryonic kidney cells transiently expressing FLAG-MOP were grown in a 96-well clear bottom plate (PerkinElmer). Cells were serum starved for at least 30 min and then incubated with vehicle or an EC50 concentration of DAMGO (1 μM) at 37°C for 5 min. Cells were then fixed in -30°C methanol for 10 min on ice. Antigen retrieval buffer was then applied, cells were heated in PBS supplemented with 10mM sodium citrate and 0.05% Tween-20 (pH 6.0) at 95°C for 20 min. Cells were then washed in PBS and incubated in blocking solution, 10% goat serum in PBS at room temperature for 30 min. Anti-FLAG mouse antibody and anti-phospho S375 rabbit antibody were diluted in blocking solution (1:1000 and 1:200, respectively) and added to cells for incubation overnight at room temperature. Cells were washed with PBS and incubated with AlexaFluor 488 (AF488) anti-mouse IgG and AlexaFluor 647 (AF647) anti-rabbit goat IgG secondary antibodies (1:1000 in blocking solution) at room temperature for 1h. Cells were washed and imaged on the Operetta High Content Imaging System capturing AF488 and AF647 channels using a 20× objective. The mean fluorescence intensity of each channel was quantified from the raw 16-bit images using the Operetta analysis software and levels of phosphorylation were expressed as a ratio of pS375 (AF647)/FLAG (AF488) immunostaining and normalized to vehicle treatment in control conditions.

Statistical Analysis

Data representation and statistical analysis were performed using GraphPad Prism v7. FRAP and FCS data are presented as the mean ± SEM from ‘n’ individual cells, with the number of independent experiments also stated. For statistical analysis of clustering from PCH data, the data are represented as the mean ± SEM of the % of cells requiring a two-component fit in each independent experiment. The BRET data was quantified as indicated and represent the mean ± SEM of at least three individual experiments. Statistical significance was determined by either unpaired Student’s t-test or one-way ANOVA with post hoc Sidak’s multiple comparison analysis. P values for the post hoc tests are given in the text, whilst details of one-way ANOVA parameters are given in the relevant figure and table legends.
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We have recently demonstrated that sciatic nerve injury increases the expression of spinal cytochrome P450c17, a key neurosteroidogenic enzyme, which plays a critical role in the development of peripheral neuropathic pain. However, the modulatory mechanisms responsible for the expression of spinal P450c17 have yet to be examined. Here we investigated the possible involvement of interleukin-1β (IL-1β) in altering P450c17 expression during the induction phase of neuropathic pain. Neuropathic pain was produced by chronic constriction injury (CCI) of the right sciatic nerve in mice and mechanical allodynia was evaluated in the hind paws using a von-Frey filament (0.16 g). Western blotting and immunohistochemistry were performed to assess the expression of spinal IL-1β, interleukin-1 receptor type 1 (IL-1R1), P450c17, and GFAP. Spinal IL-1β was significantly increased on day 1 post-surgery and its receptor, IL-1R1 was expressed in GFAP-positive astrocytes. Intrathecal administration of the recombinant interleukin-1 receptor antagonist (IL-1ra, 20 ng) on days 0 and 1 post-surgery enhanced GFAP expression on day 1 post-surgery and induced an early increase in P450c17 expression in astrocytes, but not in neurons. Administration of IL-1β (10 ng) on days 0 and 1 post-surgery blocked the enhancement of both spinal P450c17 and GFAP expression induced by IL-1ra (20 ng) administration. Intrathecal administration of IL-1ra (20 ng) on days 0 to 3 post-surgery also facilitated the CCI-induced development of mechanical allodynia, and this early developed pain was dose-dependently attenuated by the administration of the P450c17 inhibitor, ketoconazole (1, 3, or 10 nmol) or the astrocyte metabolic inhibitor, fluorocitrate (0.01, 0.03, or 0.1 nmol). These results demonstrate that early increases in spinal IL-1β temporally inhibit astrocyte P450c17 expression and astrocyte activation ultimately controlling the development of mechanical allodynia induced by peripheral nerve injury. These findings imply that spinal IL-1β plays an important role as an early, but transient, control mechanism in the development of peripheral neuropathic pain via the inhibition of astrocyte P450c17 expression and astrocyte activation.
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INTRODUCTION

Neuropathic pain develops following injury to the nervous system and is often characterized by allodynia (the sensation of pain to non-noxious stimuli) and hyperalgesia (increased pain to a noxious stimuli) (Woolf and Mannion, 1999). The development of neuropathic pain involves a variety of pathophysiological changes in the nervous system, which are represented by peripheral sensitization (increased sensitivity of the nociceptor terminal) and central sensitization (increased synaptic efficacy of neurons in the spinal pain pathways) (Ji et al., 2003; Latremoliere and Woolf, 2009). Clinical recommended treatments include certain antidepressants, calcium channel α2-δ ligands, topical lidocaine, opioid analgesics, and antiepileptic medications depending on the patients’ symptoms and the degree of pain severity (Dworkin et al., 2007). Once neuropathic pain has been established it is very difficult to control. Even with well-established medications, effectiveness is unpredictable, dosing can be complicated, analgesic onset is delayed, and side effects are common (Dworkin et al., 2007). As a result it is necessary to investigate and develop more effective therapeutic approaches based on the pathophysiological mechanisms underlying the development of neuropathic pain.

While neuronal dysfunction is thought to be a primary important cause of pain, recent evidence suggests that alterations in glial cells including astrocytes and microglial cells play a critical role in the initiation of persistent pain (Watkins et al., 2001; Tan et al., 2009). Under pathophysiological conditions, glial cells release various pro-inflammatory cytokines, which bind to the receptors located on other glia and neurons resulting in neuronal excitation in the spinal cord dorsal horn (Chen et al., 2014; Choi et al., 2018). It has been suggested that the pro-inflammatory cytokine,IL-1β is rapidly increased and released from activated microglial cells during the early phases of peripheral nerve damage or inflammation (Samad et al., 2001; Fu et al., 2006; Choi et al., 2015). Furthermore, IL-1β modulates the function of other adjacent cells including neurons and thus serves as a key mediator in the interaction between glia and neurons in a variety of pain states (Kim et al., 2004; Ren and Dubner, 2008). While previous studies have suggested a possible relationship between IL-1β and nociceptive signal transmission, the detailed mechanisms involved in this process remain unclear.

Diverse neurosteroidogenic enzymes are expressed in brain and spinal cord and catalyze the local synthesis of neurosteroids in the central nervous system (Baulieu, 1998; Patte-Mensah et al., 2006). Among neurosteroidogenic enzymes, P450c17 catalyzes the conversion of PREG into DHEA (Compagnone and Mellon, 2000). DHEA and its sulfate ester DHEA-S are known as pronociceptive mediators in the nervous system (Kibaly et al., 2008; Yoon et al., 2010). In a previous study, we demonstrated that CCI of sciatic nerve increases both the protein and mRNA levels of P450c17 in spinal astrocytes during the early phase of neuropathic pain (Choi et al., 2019). Furthermore, intrathecal administration of the P450c17 inhibitor, ketoconazole during the induction phase of neuropathic pain resulted in a significant analgesic effect on the development of neuropathic pain evoked by sciatic nerve injury in mice. Since spinal P450c17 plays a critical role in the development of neuropathic pain, it is important to investigate the regulatory mechanisms by which astrocyte P450c17 expression and activation are increased following peripheral nerve injury in order to better understand the pathophysiological mechanisms underlying the early phase of neuropathic pain. Our recent studies have demonstrated that microglial IL-1β suppresses both the astrocyte-specific gap junction protein, connexin-43 expression and astrocyte activation during the early phase of carrageenan-induced inflammation ultimately inhibiting the development of contralateral MA (Choi et al., 2015, 2017). Thus, we hypothesize that during the early phase of neuropathic pain development spinal IL-1β inhibits astrocyte activation through modulation of astrocyte P450c17 expression.

Thus, the present study was designed to determine whether IL-1β modulates astrocyte P450c17 expression and astrocyte activation in the spinal cord and to determine whether this modulation alters the development of neuropathic pain following peripheral nerve injury. To accomplish this we investigated whether: (i) sciatic nerve injury increases the expression of IL-1β in the lumbar spinal cord dorsal horn; (ii) IL-1R1, a functional receptor of IL-1β, is expressed in spinal astrocytes; (iii) the blockade of IL-1R1 using the recombinant IL-1 receptor antagonist (IL-1ra) modulates astrocyte P450c17 expression and pathological astrocyte activation; and (iv) this modulation is associated with the development of MA induced by peripheral nerve injury.



MATERIALS AND METHODS

Animals and Peripheral Nerve Injury Model

Four-week-old male Crl:CD1(ICR) mice (20–25 g) were purchased from the Laboratory Animal Center of Seoul National University (Seoul, South Korea). Animals had free access to food and water and were kept in temperature- and light-controlled rooms (23 ± 2°C, 12/12 h light/dark cycle) for at least 3 days prior to the beginning of the experiment. The experimental protocols for animal usage were reviewed and approved by the SNU Animal Care and Use Committee and were consistent with the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (1985).

A CCI of the common sciatic nerve was performed according to the method described by Bennett and Xie with a minor modification (Bennett and Xie, 1988). Briefly, mice were anesthetized with 3% isoflurane in a mixture of N2O/O2 gas. The right sciatic nerve was exposed and three loose ligatures of 6-0 silk were placed around the nerve. Sham surgery was performed by exposing the sciatic nerve in the same manner, but without ligating the nerve. After surgery, animals recovered in clear plastic cages at 27°C with a thick layer of sawdust bedding.

Drugs and Intrathecal Administration

The following drugs were used: recombinant interleukin-1 receptor antagonist (IL-1ra; 6, 20, and 60 ng); recombinant IL-1β (10 ng); Keto (1, 3, and 10 nmol), a P450c17 inhibitor; and FC (0.01, 0.03, and 0.1 nmol), an astrocyte metabolic inhibitor. IL-1ra and IL-1β were purchased from R&D Systems (Minneapolis, MN, United States), and ketoconazole and FC from Sigma–Aldrich (St. Louis, MO, United States). The doses of all drugs were selected based on doses previously used in the literature including our previous studies showing that these doses produce maximal effects with no detectable side effects (Souter et al., 2000; Choi et al., 2015, 2019). All drugs used for the behavioral experiments were administered intrathecally twice a day on postoperative days 0–3, which represents the induction phase of pain development. For the Western blot and immunohistochemical experiments drugs were administered once on postoperative day 0 and once on postoperative day 1. IL-1ra and IL-1β were dissolved in physiological saline, ketoconazole was dissolved in 5% DMSO in corn oil, and FC was dissolved in 0.05% 1N HCl in physiological saline. IL-1β was co-administrated with IL-1ra on days 0 and 1. Thus, a mixture of IL-1β and IL-1ra was injected immediately after the operation and again on day 1 post-surgery, then, the spinal cord was sampled on day 1. The intrathecal injection volume was 5 μl.

Intrathecal drug administration was performed using a 50 μl Hamilton syringe connected to a 30-gauge needle as previously described (Hylden and Wilcox, 1980). Mice were briefly anesthetized with 3% isoflurane in a mixture of N2O/O2 gas to prevent any handling-induced stress and to allow for a more accurate injection of drugs. The mouse was held tightly between the thumb and middle finger at the level of the both iliac crests, and the fifth lumbar spinous process was palpated with the index finger. The needle was inserted through the vertebral column into the L5-6 intervertebral space and successful insertion of the needle into the intrathecal space was determined by a tail flick response. Each drug was slowly injected over a 10 s period. Then, the needle was carefully removed from the intervertebral space. The drug control groups received an identical injection of vehicle.

Assessment of Mechanical Allodynia

Pain behavioral testing was performed for ipsilateral (surgical-side) and contralateral hind paws of all animals 1 day before surgery in order to obtain normal baseline values of paw withdrawal responses to mechanical stimuli. Then, animals were randomly assigned to experimental and control groups. Animals were tested again at 1, 2, 3, 6, 9, and 14 days following CCI or sham surgery.

To assess nociceptive responses to innocuous mechanical stimuli (MA), we measured paw withdrawal response frequency (PWF) by using a von Frey filament with a force of 0.16 g (North Coast Medical, Morgan Hill, CA, United States) as described in a previous study from our laboratories (Moon et al., 2014). Mice were placed in acrylic cylinders on a wire mesh floor and allowed to habituate before testing. A von Frey filament was applied to the plantar surface of each hind paw for a 3 s period before being removed and we subsequently recorded whether there was a withdrawal of the hind limb to the filament. The filament was applied 10 times to the hind paw with a 10 s interval between each application. Then, the number of paw withdrawal responses was counted and the results of mechanical behavioral testing in the hind paw were expressed as a percent withdrawal response frequency (PWF, %), which represented the percentage of paw withdrawals out of the maximum of 10.

Western Blot Assay

Animals were deeply anesthetized with 3% isoflurane in a mixture of N2O/O2 gas. The Western blot assay was performed as described previously with minor modifications (Choi et al., 2013). Different groups of mice were euthanized at each of the five different time points used in this study (0, 1, 3, 7, and 14 days after CCI surgery) in order to examine the time-course changes in IL-1β- and IL-1R1-expression. Another set of animals were euthanized at day 1 post-CCI surgery in order to determine the effect of IL-1ra treatment on GFAP- and P450c17-expression. Animals were perfused transcardially with calcium-free Tyrode’s solution and then the spinal cord was collected into an ice-cooled, saline-filled glass dish. The spinal cord dorsal horns of the lumbar enlargement segment were homogenized in lysis buffer (20 mM Tris–Hcl, 10 mM EGTA, 2 mM EDTA, pH 7.4 and proteinase inhibitors) containing 1% Triton X-100. Homogenates were subsequently centrifuged at 15,000 rpm for 40 min at 4°C and, then, the supernatant was used for Western blot analysis. The protein concentration was estimated by the Bradford dye assay (Bio-Rad Laboratories). Spinal cord homogenates (20–25 μg protein) were separated using 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. After the blots had been washed with TBST (10 mM Tris–Hcl, pH 7.6, 150 mM NaCl and 0.05% Tween-20), the membranes were blocked with 5% skimmed milk for 1 h at RT and incubated at 4°C overnight with a primary antibody specific for IL-1β (rabbit polyclonal anti-IL1 beta antibody, 1:2,000, cat# ab9787, Abcam plc.), IL-1R1 (goat polyclonal anti-IL-1R1 antibody, 1:2,000, cat# AF771, R&D Systems), GFAP (mouse monoclonal anti-GFAP antibody, 1:2,000, cat# MAB360, Millipore Co.), P450c17 (rabbit monoclonal anti-cytochrome P450 17A1 antibody, 1:1,000, cat# ab125022, Abcam plc.), or β-actin (mouse monoclonal anti-β-actin antibody, 1:5,000, cat# sc-47778, Santa Cruz Biotechnology Inc.). After washing with TBST, membranes were incubated for 4 h at 4°C with horseradish peroxidase (HRP)-conjugated anti-rabbit, anti-goat, or anti-mouse antibody (1:10,000, Santa Cruz Biotechnology Inc.). The bands were visualized with enhanced chemiluminescence (Amersham Biosciences). The positive pixel area of specific bands was measured with a computer-assisted image analysis system and normalized against the corresponding β-actin loading control bands. The mean value of control groups was set at 100% and, then, the % change relative to the mean value of control groups was calculated for each group.

Immunohistochemistry

Animals were deeply anesthetized with 3% isoflurane in a mixture of N2O/O2 gas and different groups of mice were euthanized at day 1 post-CCI surgery. The immunohistochemistry was performed as described previously with minor modifications (Roh et al., 2011). Mice were perfused transcardially with calcium-free Tyrode’s solution and subsequently with fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The spinal cords were collected after perfusion, post-fixed in the identical fixative for 2 h at RT and then placed in 30% sucrose in PBS (pH 7.4) at 4°C. Serial transverse sections (40 μm) of the L4-5 spinal cord were cut using a cryostat (Leica CM1520, Leica Biosystems, Germany). Transverse spinal cord sections were incubated in blocking solution for 1 h at RT and then incubated for 2 days at 4°C with a primary antibody specific for IL-1β (rabbit polyclonal anti-IL1 beta antibody, 1:1,000, cat# ab9787, Abcam plc.), IL-1R1 (goat polyclonal anti-IL-1R1 antibody, 1:100, cat# AF771, R&D Systems), P450c17 (rabbit monoclonal anti-cytochrome P450 17A1 antibody, 1:1,000, cat# ab125022, Abcam plc.), GFAP (mouse monoclonal anti-GFAP antibody, 1:1,000, cat# MAB360, Millipore Co.), NeuN (mouse monoclonal anti-NeuN antibody, 1:1,000, cat# MAB377, Millipore Co.), or Iba-1 (rabbit anti-Iba1 antibody, 1:500, cat# 019-19741, Wako Pure Chemical Industries, Ltd.). The primary antibodies were detected by incubating the tissue in Alexa Fluor®488 goat anti-mouse antibody (1:400, Life Technologies), Alexa Fluor®488 donkey anti-goat antibody (1:400, Life Technologies), Alexa Fluor®568 donkey anti-rabbit antibody (1:400, Life Technologies), or Alexa Fluor®555 donkey anti-mouse antibody (1:400, Life Technologies) for 90 min at RT. Tissue sections were mounted on slides and visualized with a confocal laser scanning microscope (Fluoview 300, Olympus, Tokyo, Japan; Nikon Eclipse TE2000-E, Nikon, Japan).

Image Analysis

To analyze IL-1β- or GFAP-immunoreactive images, three to five spinal cord sections from the lumbar spinal cord segments were randomly selected from each animal, and were analyzed using a computer-assisted image analysis system (Metamorph version 7.7.2.0; Molecular Devices Corporation, PA, United States) as described in a previous study (Choi et al., 2016). To maintain a constant threshold for each image and to compensate for subtle variability of the immunostaining, we only measured areas that were 80% brightness in the range of intensity levels after background subtraction was performed. The positive pixel area of immunoreactive cells was quantified in the following three dorsal horn regions: (1) the SDH (laminae I and II); (2) the NP (laminae III and IV); and (3) the neck region (NECK, laminae V and VI). Then, the % threshold area [(positive pixel area/pixel area in each region) × 100] was counted. The average of % threshold area of immunoreactivity in each region per section from each animal was obtained and these values were averaged across each group and presented as group data. In addition, an average of 10 astrocytes from each animal with clear cell bodies and processes in lumbar spinal cord dorsal born were chosen for quantification of astrocyte morphology as described in a previous study (Lee et al., 2013). The astrocytes were analyzed with Metamorph software, generating data of cell body area (μm2) and length of processes (μm) from the soma.

For analysis of P450c17 colocalization in specific cell types in the spinal cord dorsal horn, pairs of fluorescent images were acquired on the confocal microscope as red and green channels as described in previous studies (Moon et al., 2014; Choi et al., 2019). Overlap of a pair of images was visualized in merged images as yellow pixels, which were considered colocalized. To analyze the extent of colocalization of P450c17 with GFAP (astrocytes) or NeuN (neurons), we directly quantified the number of cells showing cell type-specific nuclei that contained P450c17 immunolabelling. We quantified immunostaining in the following three dorsal horn regions: (1) the SDH (laminae I and II); (2) the NP (laminae III and IV); and (3) the NECK (laminae V and VI). All analytical procedures described above were performed blindly without knowledge of the experimental conditions.

Data Presentation and Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM). Statistical analyses were performed using Prism 5.0 (Graph Pad Software, San Diego, CA, United States). Repeated measures two-way (group and time) ANOVA was performed to determine differences in the behavioral data and One-way ANOVA was used to determine differences in the data obtained from Western blot assay and immunohistochemistry. Post hoc analysis was performed using a Bonferroni’s multiple comparison test to determine the P-value among experimental groups. Comparisons between 2 groups were analyzed by the two-tailed Student’s t-test. The level of significance was set at P < 0.05.



RESULTS

Time Course Changes in IL-1β Expression in the Lumbar Spinal Cord Dorsal Horn of CCI Mice

To determine whether CCI of the sciatic nerve induces a significant change in spinal IL-1β expression, we examined changes in the protein expression of IL-1β over time after CCI using a Western blot analysis. Sciatic nerve injury significantly increased the amount of IL-1β protein in the ipsilateral lumbar spinal cord dorsal horn at day 1 post-surgery as compared with control mice. Subsequently IL-1β expression was dramatically decreased from 3 days to 14 post-surgery [Figure 1A; F(4,25) = 5.728, P = 0.0021]. By contrast, the amount of IL-1β in the contralateral lumbar spinal cord dorsal horn did not change following sciatic nerve injury as compared with the control group [Figure 1B; F(4,25) = 1.175, P = 0.3611]. We also examined changes in IL-1β-immunoreactivity in the lumbar spinal cord dorsal horn at day 1 post-surgery using an immunohistochemical approach. Sciatic nerve injury significantly increased IL-1β-immunoreactivity in the SDH (laminae I-II) region of the ipsilateral lumbar spinal cord dorsal horn as compared to that of the sham surgery animals [Figure 1C; SDH: t(10) = 4.202, P = 0.0018; NP: t(10) = 1.936, P = 0.0816; NECK: t(10) = 0.9577, P = 0.3608]. By contrast, IL-1β-immunoreactivity in the contralateral lumbar spinal cord dorsal horn did not change following sciatic nerve injury as compared with the control group [Figure 1D; SDH: t(10) = 0.7205, P = 0.4877; NP: t(10) = 0.4023, P = 0.6959; NECK: t(10) = 1.112, P = 0.2921]. These results show that sciatic nerve injury induces an early transient increase in IL-1β expression, especially in the SDH (laminae I-II) of the ipsilateral lumbar spinal cord.
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FIGURE 1. Time course of changes in the expression of IL-1β in the lumbar spinal cord dorsal horn of CCI mice. (A,B) The graphs depicting the changes in the protein expression of IL-1β are shown in the upper portion, while representative immunoblots are presented in the lower portion. Results of Western blot analysis showed that the protein expression of IL-1β significantly increased at day 1 post-CCI surgery in the ipsilateral lumbar spinal cord dorsal horn (A), while the expression of IL-1β in the contralateral dorsal horn (B) did not change following CCI. The spinal cord dorsal horn was sampled at 0, 1, 3, 7, and 14 days after surgery. n = 6 mice/group. ∗P < 0.05 vs. D0. (C,D) Representative images showing the changes in IL-1β-immunoreactivity at postoperative day 1 in the lumbar spinal cord dorsal horn of CCI mice using immunohistochemistry. Fluorescent images of IL-1β in the superficial dorsal horn (SDH, lamina I-II), nucleus proprius (NP, lamina III-IV) and neck region (NECK, lamina V-VI) of sham and CCI mice. Fluorescence in the dorsal horn was quantitated using an image analysis system. Sciatic nerve injury significantly increased IL-1β-immunoreactivity in the SDH region of the ipsilateral lumbar spinal cord dorsal horn (C), while IL-1β-immunoreactivity in the contralateral dorsal horn (D) did not change following CCI. n = 6 mice/group. ∗P < 0.05 vs. Sham. Scale bar = 100 μm.



Time Course Changes in Spinal IL-1R1 Expression and Effects of IL-1ra on the Development of Mechanical Allodynia in CCI Mice

Involvement of interleukin-1β exerts its effects by acting on the membrane bound IL-1R1, which activates signal transduction upon IL-1β stimulation (Sims et al., 1993). Thus in the next part of our study, we examined changes in the protein expression of IL-1R1 over time following CCI using a Western blot analysis. The protein amount of IL-1R1 in the ipsilateral [Figure 2A; F(4,25) = 2.243, P = 0.0930] and contralateral [Figure 2B; F(4,25) = 1.484, P = 0.2369] lumbar spinal cord dorsal horn did not change following sciatic nerve injury as compared with the control group.
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FIGURE 2. Time course of changes in the expression of IL-1R1 and the effects of administration of an IL-1 receptor antagonist (IL-1ra; 6, 20, or 60 ng) on the CCI-induced development of MA. (A,B) The graphs depicting the changes in the protein expression of IL-1R1 are shown in the upper portion, while representative immunoblots are presented in the lower portion. Results of Western blot analysis showed that the protein expression of IL-1R1 did not change in the ipsilateral (A) and contralateral (B) lumbar spinal cord dorsal horn following CCI. The spinal cord dorsal horn was sampled at 0, 1, 3, 7, and 14 days after surgery. n = 6 mice/group. (C,D) Paw withdrawal frequency (PWF, %) was measured in hind paws using a von-Frey filament (0.16 g). Sciatic nerve injury increased the PWF to mechanical stimuli in the ipsilateral hind paw from day 3 post-surgery, while administration of IL-1ra (20 or 60 ng) induced a significant increase in the PWF beginning on day 1 post-surgery (C). On the other hand, administration of IL-1ra had no effect on the PWF in the contralateral hind paw (D). n = 7 mice/group. ∗P < 0.05 vs. Sham; #P < 0.05 vs. vehicle-treated group. (E) Using a double immunohistochemical approach these representative images depict colocalization (yellow) of IL-1R1 (green) with GFAP (red, a marker of astrocytes), but not with NeuN (red, a marker of neurons) or Iba-1 (red, a marker of microglial cells) at day 1 post-surgery in the superficial dorsal horn of lumbar spinal cord in CCI mice. Scale bar = 40 μm.



In order to determine if the CCI-induced increase in the expression of IL-1β at day 1 post-surgery modulates the development of MA, we examined the effect of administration of the IL-1 receptor antagonist (IL-1ra; 6, 20, or 60 ng) on the development of MA. CCI of the sciatic nerve increased the PWF (%) to innocuous mechanical stimuli (MA) in the ipsilateral hind paw from 3 days post-CCI surgery as compared with sham group (Figure 2C). IL-1ra was administered intrathecally during the induction phase of neuropathic pain (from days 0 to 3 post-surgery) in order to neutralize spinal IL-1β signaling. Intrathecal administration of IL-1ra (20 or 60 ng) induced an early increase in the ipsilateral PWF beginning at day 1 post-surgery [Figure 2C; Group: F(4,210) = 42.59, P < 0.0001; Time: F(6,210) = 25.98, P < 0.0001; Interaction: F(24,210) = 1.928, P = 0.0074]. By contrast, i.t. administration of IL-1ra (6, 20, or 60 ng) during the induction phase of neuropathic pain (from days 0 to 3 post-surgery) had no effect on the PWF in the contralateral hind paw [Figure 2D; Group: F(4,210) = 1.908, P = 0.1104; Time: F(6,210) = 2.987, P = 0.0081; Interaction: F(24,210) = 0.8927, P = 0.6120].

Double immunostaining was performed with antibodies against the IL-1R1 and several cell specific markers to determine the cellular localization of IL-1R1 expression in the lumbar spinal cord dorsal horn at day 1 post-surgery (this day was selected because IL-1β expression was significantly increased at this timepoint). IL-1R1 expression was colocalized in GFAP-positive astrocytes in the SDHs, whereas there was no colocalization of IL-1R1 in NeuN-positive neurons or Iba-1-positive microglial cells in the SDHs of lumbar spinal cord (Figure 2E). These results demonstrate that the early activation of astrocyte IL-1R1 induced by increased IL-1β controls the development of MA following sciatic nerve injury.

Effects of IL-1ra on the Pathophysiological Changes in Astrocyte Activation in the Lumbar Spinal Cord Dorsal Horn of CCI Mice

To determine whether the CCI-induced early increase in spinal IL-1β expression modulates pathophysiological changes in astrocyte activation, we examined the effect of IL-1ra on the expression of GFAP, a major protein constituent of glial filaments in astrocytes of the central nervous system (Eng, 1985), in the lumbar spinal cord dorsal horn of CCI mice using Western blot analysis and immunohistochemistry. Results of Western blot analysis revealed that there was no change in GFAP expression in the ipsilateral lumbar spinal cord dorsal horn at day 1 post-CCI surgery as compared with sham group (Figure 3A). By contrast, intrathecal administration of IL-1ra (20 ng) on days 0 and 1 post-surgery significantly increased the expression of GFAP at day 1 post-surgery as compared with sham and vehicle-treated groups [Figure 3A; F(2,15) = 8.306, P = 0.0037]. However, there was no change in the expression of GFAP in the contralateral spinal cord dorsal horn after CCI and IL-1ra (20 ng) administration [Figure 3B; F(2,15) = 0.05556, P = 0.9461]. Immunohistochemical analysis showed that GFAP-immunoreactivity did not change in the ipsilateral lumbar spinal cord dorsal horn of CCI mice at day 1 post-surgery as compared with the sham group (Figures 3C,D). Intrathecal administration of IL-1ra significantly increased GFAP-immunoreactivity in the SDH (laminae I-II) and NP (laminae III-IV) regions at day 1 post-surgery as compared with sham group [Figures 3C,D; SDH: F(2,15) = 9.280, P = 0.0024; NP: F(2,15) = 4.970, P = 0.0221; NECK: F(2,15) = 1.011, P = 0.3875] further supporting what was observed in our Western blot analysis. When viewed under higher magnification astrocytes in the ipsilateral lumbar dorsal horn show hypertrophy with enlarged cell bodies [F(2,15) = 9.639, P = 0.0020] and elongated processes radiating from the soma [F(2,15) = 10.91, P = 0.012] in the IL-1ra-treated group at day 1 post-surgery as compared with sham and vehicle-treated groups (Figures 3E,F). These results suggest that the early activation of astrocyte IL-1R1 controls the induction of the pathophysiological changes in spinal astrocyte activation associated with CCI.
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FIGURE 3. Effects of IL-1 receptor antagonist (IL-1ra, 20 ng) administration on the expression of GFAP in the lumbar spinal cord dorsal horn of CCI mice. (A) Results of Western blot analysis showing that the protein expression of GFAP did not change following CCI at day 1 post-CCI surgery, while administration of IL-1ra increased the expression of GFAP in the ipsilateral lumbar spinal cord dorsal horn. (B) The expression of GFAP in the contralateral dorsal horn did not show any change after CCI and IL-1ra administration. n = 6 mice/group. (C) Representative images showing the changes in GFAP expression at day 1 post-surgery in the ipsilateral lumbar spinal cord dorsal horn of CCI mice using immunohistochemistry. Scale bar = 200 μm. (D) The immunofluorescence of GFAP in the superficial dorsal horn (SDH, lamina I-II), nucleus proprius (NP, lamina III-IV) and neck region (NECK, lamina V-VI) of mice was quantitated using an image analysis system. GFAP-immunoreactivity did not change following CCI at day 1 post-CCI surgery, while the administration of IL-1ra increased the expression of GFAP in the ipsilateral lumbar spinal cord dorsal horn. (E) Higher magnification images are shown in panel (E). Scale bar = 40 μm. (F) The cell body area (μm2) and the length of processes (μm) radiating from the soma of astrocytes did not change following CCI at day 1 post-surgery, while administration of IL-1ra increased the cell body area (μm2) and the length of processes (μm). The spinal cord dorsal horn was sampled at day 1 post-surgery. n = 6 mice/group. ∗P < 0.05 vs. Sham; #P < 0.05 vs. vehicle-treated group.



Effects of IL-1ra on the Expression of Astrocyte P450c17 in the Lumbar Spinal Cord Dorsal Horn of CCI Mice

To determine whether the CCI-induced early increase in spinal IL-1β expression modulates the protein expression of P450c17, we examined the effect of IL-1ra on the P450c17 expression in the lumbar spinal cord dorsal horn using Western blot analysis and immunohistochemistry. There was no change in the P450c17 expression in the ipsilateral lumbar spinal cord dorsal horn at day 1 post-CCI surgery as compared with the sham group. Conversely intrathecal administration of IL-1ra (20 ng) on days 0 and 1 post-surgery significantly increased the expression of P450c17 at day 1 post-surgery as compared with sham and vehicle-treated groups [Figure 4A; F(2,21) = 6.507, P = 0.0063]. However, there was no change in the expression of P450c17 in the contralateral spinal cord dorsal horn after CCI and IL-1ra (20 ng) administration [Figure 4B; F(2,21) = 0.8167, P = 0.4554]. In addition, the number of P450c17-immunostained astrocytes did not change in the ipsilateral lumbar spinal cord dorsal horn at day 1 post-surgery as compared with sham group (Figures 4C,D). Administration of IL-1ra significantly increased the number of P450c17-immunostained astrocytes in the SDH (laminae I-II) region at day 1 post-surgery as compared with the sham and vehicle-treated groups [Figures 4C,D; SDH: F(2,15) = 8.416, P = 0.0035; NP: F(2,15) = 2.681, P = 0.1011; NECK: F(2,15) = 0.04425, P = 0.9568]. On the other hand, there was no change in the number of P450c17-immunostained neurons in the ipsilateral lumbar spinal cord dorsal horn at day 1 post-surgery and no significant difference was observed between the vehicle-treated and IL-1ra-treated groups for P450c17 immunostaining in neurons [Figures 4E,F; SDH: F(2,15) = 0.3540, P = 0.7076; NP: F(2,15) = 0.3894, P = 0.6841; NECK: F(2,15) = 0.04407, P = 0.9570]. These results suggest that the early activation of astrocyte IL-1R1 controls the expression of P450c17, which is increased in spinal astrocytes following CCI.
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FIGURE 4. Effects of IL-1 receptor antagonist (IL-1ra, 20 ng) administration on the expression of P450c17 in the lumbar spinal cord dorsal horn of CCI mice. (A) Results of Western blot analysis showed that the protein expression of P450c17 did not change at day 1 post-CCI surgery, while administration of IL-1ra increased the protein expression of P450c17 in the ipsilateral spinal cord dorsal horn. (B) The expression of P450c17 in the contralateral dorsal horn did not show any change after CCI and IL-1ra administration. n = 8 mice/group. (C–F) Using a double immunohistochemical approach these representative images depict colocalization (yellow) of P450c17 with GFAP (C; green, a marker of astrocytes) or NeuN (E; green, a marker of neurons) at day 1 post-surgery in the ipsilateral lumbar spinal cord dorsal horn of CCI mice. Scale bar = 50 μm. Colocalization was quantitated in the superficial dorsal horn (SDH, lamina I-II), nucleus proprius (NP, lamina III-IV) and neck region (NECK, lamina V-VI). The number of P450c17-immunostained astrocytes (D) did not change following CCI at day 1 post-CCI surgery, while administration of IL-1ra increased the number of P450c17-immunostained astrocytes in the SDH region of the ipsilateral lumbar spinal cord. The number of P450c17-immunostained neurons (F) did not change following CCI and treatment with IL-1ra. The spinal cord dorsal horn was sampled at day 1 post-surgery. n = 6 mice/group. ∗P < 0.05 vs. Sham; #P < 0.05 vs. vehicle-treated group.



Effects of IL-1β on the IL-1ra-Induced Early Increase in Spinal P450c17 Expression and Astrocyte Activation in CCI Mice

Next, we used Western blot analysis to examine whether blocking the direct effect of IL-1ra with spinal IL-1β would alter the increase in astrocyte P450c17 expression and astrocyte activation in the lumbar spinal cord dorsal horn. Intrathecal administration of IL-1ra (20 ng) on days 0 and 1 post-surgery significantly increased the expression of P450c17 in the ipsilateral spinal cord dorsal horn at day 1 post-surgery as compared with the vehicle-treated groups. This increase in P450c17 expression was significantly reduced by the intrathecal co-administration with IL-1β (10 ng in combination with IL-1ra) [Figure 5A; F(2,15) = 5.556, P = 0.0156]. In addition, intrathecal administration of IL-1ra (20 ng) on days 0 and 1 post-surgery significantly increased the expression of GFAP in the ipsilateral spinal cord dorsal horn at the 1 day post-surgery timepoint as compared with the vehicle-treated groups, and this increase was significantly reduced by the intrathecal administration of IL-1ra with IL-1β (10 ng in combination with IL-1ra) [Figure 5B; F(2,15) = 7.399, P = 0.0058]. However, there was no change in the expression of P450c17 [Figure 5C; F(2,15) = 1.010, P = 0.3876] and GFAP [Figure 5D; F(2,15) = 0.07990, P = 0.9236] in the contralateral spinal cord dorsal horn after drug administration. These results show that i.t. administration of IL-1β blocks the early increase in spinal P450c17 expression and astrocyte activation induced by blockade of spinal IL-1 receptors in CCI mice.
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FIGURE 5. Effects of IL-1β (10 ng) on the early increases in the expression of spinal P450c17 and astrocyte activation in IL-1 receptor antagonist (IL-1ra, 20 ng) treated CCI mice. (A) Results of Western blot analysis showed that the protein expression of P450c17 in the ipsilateral spinal cord dorsal horn was increased at day 1 post-CCI surgery by administration of IL-1ra, and this increase was blocked by the co-administration of IL-1β (10 ng) with IL-1ra. (B) Results of Western blot analysis showed that the protein expression of GFAP in the ipsilateral spinal cord dorsal horn was increased at day 1 post-CCI surgery by administration of IL-1ra, and this increase was blocked by co-administration of IL-1β (10 ng) with IL-1ra. (C,D) The expression of P450c17 (C) and GFAP (D) in the contralateral dorsal horn did not show any change after drug administration. The spinal cord dorsal horn was sampled at day 1 post-surgery. n = 6 mice/group. ∗P < 0.05 vs. vehicle-treated group; #P < 0.05 vs. IL-1ra-treated group.



Effects of Ketoconazole or Fluorocitrate on the IL-1ra-Induced Early Development of Mechanical Allodynia in CCI Mice

We next examined whether intrathecal administration of the P450c17 inhibitor, ketoconazole or the astrocyte metabolic inhibitor, FC, would change the early development of MA induced by IL-1ra administration. Intrathecal administration of IL-1ra (20 ng) from days 0 to 3 post-surgery increased the PWF (%) to innocuous mechanical stimuli (MA) in the ipsilateral hind paw beginning at 1 day post-CCI surgery as compared with normal baseline values (Figure 6A). Treatment with the P450c17 inhibitor, ketoconazole (1, 3, or 10 nmol together with IL-1ra), significantly reduced this CCI/IL-1ra-induced development of MA in the ipsilateral hind paw [Figure 6A; Group: F(3,196) = 37.58, P < 0.0001; Time: F(6,196) = 12.81, P < 0.0001; Interaction: F(18,196) = 2.189, P = 0.0047]. By contrast, i.t. co-administration of ketoconazole with IL-1ra (20 ng) during the induction phase of neuropathic pain (from days 0 to 3 post-surgery) had no effect on the PWF in the contralateral hind paw [Figure 6B; Group: F(3,196) = 0.8633, P = 0.4611; Time: F(6,196) = 0.5662, P = 0.7570; Interaction: F(18,196) = 1.483, P = 0.0990]. In addition, intrathecal administration of the astrocyte metabolic inhibitor, FC (0.01, 0.03, or 0.1 nmol together with IL-1ra) significantly reduced the CCI-induced development of MA in the ipsilateral paw that developed beginning 1 day post-CCI surgery following IL-1ra administration [Figure 6C; Group: F(3,140) = 26.39, P < 0.0001; Time: F(6,140) = 16.20, P < 0.0001; Interaction: F(18,140) = 1.391, P = 0.1447]. By contrast, i.t. co-administration of FC with IL-1ra (20 ng) during the induction phase of neuropathic pain (from days 0 to 3 post-surgery) had no effect on the PWF in the contralateral hind paw [Figure 6D; Group: F(3,140) = 1.445, P = 0.2325; Time: F(6,140) = 1.002, P = 0.4268; Interaction: F(18,140) = 0.9128, P = 0.5643]. These results suggest that early increases in P450c17 expression and astrocyte activation contribute to the early development of ipsilateral MA induced by the inhibition of spinal IL-1 receptors in CCI mice.
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FIGURE 6. Effects of the P450c17 inhibitor, ketoconazole (Keto, 1, 3, and 10 nmol) or the astrocyte metabolic inhibitor, fluorocitrate (FC, 0.01, 0.03, and 0.1 nmol) on the early development of mechanical allodynia in IL-1 receptor antagonist (IL-1ra, 20 ng) treated CCI mice. (A–D) Paw withdrawal frequency (PWF, %) was measured in hind paws using a von-Frey filament (0.16 g). IL-1ra administration induced an early increase in the PWF of the ipsilateral hind paw and this was significantly suppressed by the co-administration of ketoconazole with IL-1ra (A). On the other hand, administration of ketoconazole in association with IL-1ra had no effect on the PWF in the contralateral hind paw (B). n = 8 mice/group. ∗P < 0.05 vs. IL-1ra-treated group. In addition, IL-1ra-induced an early increase in the PWF of the ipsilateral hind paw was significantly suppressed by the co-administration of fluorocitrate with IL-1ra (C). Conversely, administration of fluorocitrate in association with IL-1ra had no effect on the PWF of the contralateral hind paw (D). n = 6 mice/group. ∗P < 0.05 vs. IL-1ra-treated group.





DISCUSSION

This study demonstrates three important novel findings. First, CCI-induced sciatic nerve injury produces an early, but transient, increase in IL-1β expression in the SDH of the ipsilateral lumbar spinal cord. Moreover, we demonstrate that the IL-1 receptor type 1 (IL-1R1), a functional receptor of IL-1β, is expressed in GFAP-positive astrocytes, which are also exclusively located in the SDH region. Secondly, blockade of IL-1R1 with intrathecal administration of the IL-1 receptor antagonist (IL-1ra) during the early phase of peripheral neuropathy increased the expression of both astrocyte P450c17 and GFAP in the spinal cord dorsal horn, and this increase was blocked by IL-1β administration. Finally, intrathecal administration of IL-1ra significantly facilitated the development of MA, and this facilitation was suppressed by intrathecal administration of either the P450c17 inhibitor, ketoconazole or the astrocyte metabolic inhibitor, FC. Collectively, we believe that this data significantly increases our understanding of one of the mechanisms underlying the development of neuropathic pain by demonstrating that the modulation of astrocyte P450c17 expression is closely associated with an early increased release of IL-1β in the lumbar spinal cord dorsal horn and this P450c17 modulation of IL-1β ultimately affects the development of MA induced by peripheral nerve injury. In the present study, we demonstrated that IL-1β expression was significantly increased in the SDH (laminae I-II) region of the ipsilateral spinal cord at 1 day following peripheral nerve injury. These results suggest that the expression of IL-1β is transiently upregulated during the early phase of neuropathic pain, which in turn can influence the activity of various adjacent cells in the SDH region of the spinal cord. There are two receptors for the interleukin-1 (IL-1) have been characterized; IL-1 type 1 receptor (IL-1R1) and IL-1 type 2 receptor (IL-1R2) (Ren and Torres, 2009). IL-1R2 lacks an intracellular domain and is incapable of signal transduction, while IL-1R1 is a transmembrane molecule that is responsible for IL-1β signal transducing (Sims et al., 1993). In the present study, double immunofluorescence staining of the IL-1 receptor type 1 and GFAP, a major protein constituent of glial filaments in astrocytes of the central nervous system (Eng, 1985), strongly supports a close interaction of IL-1β signaling with spinal astrocytes. Furthermore, blockade of IL-1R1 with an IL-1 receptor antagonist during the induction phase of neuropathic pain facilitated astrocyte hypertrophy with enlarged cell bodies and elongated processes radiating from the soma especially in the SDH, where primary afferent nociceptive C-fibers and myelinated A-fibers terminate and synapse with second order neurons (Todd, 2010). These results strongly suggest the possibility that the early transient increase in IL-1β plays an important role in the control of the pathological changes in adjacent astrocytes via binding to the IL-1 type 1 receptors on astrocytes located in SDH region, ultimately affecting nociceptive synaptic transmission following peripheral nerve injury.

It has become increasingly evident that IL-1β is released from activated microglial cells in response to a variety of inflammatory stimuli (Clark et al., 2010; Choi et al., 2015). Paclitaxel triggers the elevation of Ca2+ levels in microglial cells by activation of microglial toll like receptor 4, which leads to the rapid release of IL-1β from spinal microglial cells (Yan et al., 2019). In addition, the microglial P2X7 receptor is involved in the lipopolysaccharide (LPS)-induced release of IL-1β in the spinal cord dorsal horn (Clark et al., 2010). While astrocytes are also able to produce IL-1β, astrocytes are less likely to respond directly to LPS, but rather respond to cytokines that are released from microglial cells activated by LPS (Lee et al., 1993). Moreover, higher levels of cytokines are induced in microglial cells than in astrocytes (Lee et al., 1993). Thus, we propose that spinal microglial cells are a major source of IL-1β during the early phase of peripheral neuropathy. Furthermore, it has been reported that IL-4, -10, and -13 play a role in producing an analgesic effect in experimental inflammatory pain models suggesting that the endogenous release of these cytokines may limit the development of the nociceptive response during inflammatory pain reactions (Vale et al., 2003). This antinociceptive effect seems to be mediated through a peripheral mechanism involving the inhibition of the release of proinflammatory cytokines (Vale et al., 2003). Since microglial cells express the mRNAs for both the IL-4 and IL-10 cytokine receptors and since these cytokines function as negative regulators of microglial functions (Sawada et al., 1999), it is important to do future investigations on the role of diverse cytokines in the central mechanisms underlying the development of antinociception in inflammatory pain conditions.

In the present study, early blockade of the IL-1 receptor with an IL-1 receptor antagonist significantly enhances the expression of P450c17 in astrocytes. In addition, inhibition of spinal P450c17 with the P450c17 inhibitor, ketoconazole blocks the early development of MA induced by administration of an IL-1 receptor antagonist, suggesting that the nerve injury-induced increase in IL-1β may produce an analgesic effect through inhibition of both the expression of astrocyte P450c17 and the concomitant production of neurosteroids in astrocytes as possible control mechanisms against the development of neuropathic pain. There are several studies supporting our concept that IL-1β has an analgesic effect on nociceptive signal transmission in the central nervous system. Souter et al. showed that intrathecal IL-1β dose-dependently suppressed carrageenan-induced inflammatory pain and this was not opioid-dependent (Souter et al., 2000). Kim et al. observed that IL-1β injected intracisternally produced antinociceptive effects in an NMDA-evoked pain model of the orofacial area, while the antinociceptive effect was mediated by an opioid pathway (Kim et al., 2004). Collectively these results suggest that IL-1β-induced analgesia occurs via different mechanisms in the spinal cord and at higher levels of the neuroaxis.

Interleukin-1 is a family of 11 cytokines that are the products of separate genes and play a central role in the regulation of immune and inflammatory responses (Rothwell and Luheshi, 2000). IL-1α and IL-1β are the agonists of IL-1 receptors, while IL-1ra binds to IL-1 receptors but does not induce any intracellular response (Arend et al., 1998). In the present study, IL-1ra induced an early increase in the expression of GFAP and P450c17, which was prevented by the co-administration of IL-1β with IL-1ra. Since not only IL-1β, but also endogenous IL-1α and IL-1ra are able to bind to IL-1 receptors, these results suggest that the effect of exogenous IL-1ra on both astrocyte activity and P450c17 expression is mediated in large part by blockade of IL-1β’s action in this neuropathic pain model. It has been suggested that IL-1α and IL-1β act on the same receptor to differentially influence nociceptive transmission and the neuropathic pain response (Mika et al., 2008). In addition, Andre et al. suggested that IL-1α and IL-1β are identical in their ability to initiate downstream activation of mitogen-activated protein kinases and nuclear factor-kappa B, but IL-1β caused IL-6 release more potent than IL-1α, suggesting the possible existence of additional signaling pathway activated by IL-1β (Andre et al., 2005). The detail mechanisms underlying the effects of IL-1β in the central nervous system remain unclear, but the presence of endogenous IL-1α and IL-1ra suggests the possibility that this IL-1 family may influence the action of IL-1β by competing with that for binding sites of the receptor.

In a previous study from our laboratories, we showed that the protein expression of GFAP and P450c17 in the ipsilateral lumbar spinal cord dorsal horn was statistically increased at 3 days post-CCI surgery and that inhibition of astrocytes or P450c17 during this induction phase (from days 0 to 3 post-surgery) had significant analgesic effects on the CCI-induced development of neuropathic pain (Moon et al., 2014; Choi et al., 2019). By contrast, the protein expression of GFAP and P450c17 was gradually decreased and was not statistically different in the spinal cord dorsal horn of day 14 post-surgery mice compared with control mice and inhibition of P450c17 during this maintenance phase (from days 14 to 17 post-surgery) had no effect on the neuropathic pain that had already developed (data not shown). These results raise the possibility that during the maintenance phase, the stimulatory effect of P450c17 disappears and/or another inhibitory control factor appears. This should be further investigated in order to understand the different mechanisms associated with the induction versus the maintenance phases of neuropathic pain.

In the present study, we focused our investigation on whether IL-1β can have a negative modulatory effect on the development of neuropathic pain and thus serve as a transient negative control mechanism. By contrast, IL-1β has been reported to induce hyperalgesia by exerting robust cellular inflammatory actions as a pro-inflammatory cytokine in vivo. These actions are supported by several studies showing that peripheral IL-1β contributes to the development of inflammatory pain hypersensitivity by increasing cyclooxygenase-2 expression, leading to the release of prostanoids, which sensitize peripheral nociceptors (Samad et al., 2001). It has also been reported that spinal IL-1β increased the phosphorylation of the NMDA receptor GluN1 subunit and facilitated pain in a rat model of inflammatory pain (Zhang et al., 2008). While several studies using animal models have demonstrated that the inhibition of IL-1 significantly inhibits persistent pain, this did not occur in our study. In this regard, Gabay et al. (2011) showed that chronic pharmacological blockade of IL-1 signaling markedly reduced neuropathic pain symptoms, as reflected by attenuated MA. Conversely our results indicate that blockade of IL-1 signaling produces a robust but temporary antinociceptive effect. This discrepancy may be due to: (1) the early timepoint examined in this study; (2) differences in the animal models being examined; (3) the different time course of nociception in each model; (4) different routes of administration of IL-1ra or other drugs; and/or (5) the nervous system location being examined. These different experimental conditions can alter the micro-environment of the nervous system by changing the expression patterns of the IL-1 receptor, the activation of adjacent glial cells, and/or the release of other cytokines. Thus, the effect of IL-1β can be modified based on changes to any of these parameters. Since the evidence suggests that IL-1β can have contradictory roles, analgesia versus hyperalgesia, on nociception, it is important that the experimental design of future studies take this into account in order to exploit specific targeting of the IL-1β pathway. In this regard we plan to investigate the mechanisms underlying cytokine-induced modulation of pain transmission in more detail in future studies.



CONCLUSION

In conclusion, the present study demonstrates that the expression of IL-1β is significantly increased in the ipsilateral lumbar spinal cord dorsal horn of CCI mice and that blockade of central IL-1β signaling by intrathecal administration of IL-1 receptor antagonist during the induction phase of neuropathic pain not only facilitates the development of MA, but also increases both astrocyte P450c17 expression and pathological astrocyte activation in CCI mice. Collectively these results suggest that early increased spinal IL-1β plays an important role as a transient analgesic mechanism that controls the development of neuropathic pain by inhibiting both the expression of astrocyte P450c17 and the activation of spinal astrocytes following peripheral nerve injury. This study offers new insights into a potential, but transient analgesic role of IL-1β in nociceptive processing at the level of the spinal cord and suggests that development of interleukin-1 receptor agonists may serve as novel and selective therapeutic agents for the prevention of the development of neuropathic pain following peripheral nerve injury.
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Effective treatments for pain management remain elusive due to the dangerous side-effects of current gold-standard opioid analgesics, including the respiratory depression that has led to skyrocketing death rates from opioid overdoses over the past decade. In an attempt to address the horrific opioid crisis worldwide, the National Institute on Drug Abuse has recently proposed boosting research on specific pharmacological mechanisms mediated by a number of G protein-coupled receptors (GPCRs). This research is expected to expedite the discovery of medications for opioid overdose and opioid use disorders, leading toward a safer and more effective treatment of pain. Here, we review mechanistic insights from recent all-atom molecular dynamics simulations of a specific subset of GPCRs for which high-resolution experimental structures are available, including opioid, cannabinoid, orexin, metabotropic glutamate, and dopamine receptor subtypes.
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INTRODUCTION

Pain is a vital, albeit unpleasant, physiological response to tissue damage, but it can become a disease if it strikes in the absence of tissue injury, or continues long after appropriate tissue healing (Ringkamp et al., 2018). As a disease, pain poses an enormous socioeconomic burden on the people who suffer from it, as well as a huge financial strain worldwide. There are several different ways to categorize pain (e.g., chronic, nociceptive, neuropathic, etc.) and treatment decisions depend on the specific type of pain (Chang et al., 2015). For severe and chronic pain, the gold-standard painkillers remain opioid drugs, despite their dangerous side effects and abuse liability.

Overprescription of opioid analgesics in the nineties led to drug misuse, and the consequent “opioid epidemic” or “opioid crisis” in the United States, which has most recently expanded to heroin and other illicit synthetic opioids such as fentanyl and its analogs (Volkow et al., 2019). With an average of 130 Americans dying every day (Centers for Disease Control and Prevention [CDC], 2017), new scientific solutions are desperately needed to effectively manage pain while preventing or treating overdose and opioid use disorder (OUD) manifestations. This recognition recently led the leadership of the National Institutes of Health (NIH) and the National Institutes on Drug Abuse (NIDA) to launch initiatives aimed at accelerating the pace of scientific inquiry that is necessary to address the opioid crisis. One of these initiatives enabled the prioritization of specific mechanisms and pharmacological targets whose study is expected to boost the development of novel drugs that have the highest probability of approval by the Food and Drug Administration (FDA) for the treatment of opioid overdose and OUD (Rasmussen et al., 2019). These “most wanted” mechanisms and targets (Rasmussen et al., 2019), which include several G protein-coupled receptors (GPCRs), were established based on published data and internal studies that the NIDA leadership deemed most promising for the development of improved therapeutics for OUDs.

In the classical view of GPCR-mediated downstream cellular signaling, the receptor transitions into active conformational states which are capable of recruiting and ultimately activating intracellular protein transducers such a G-proteins and β-arrestins. These active states are characterized by specific conformational changes at the intracellular end of the receptor, most notably exemplified by a different extent of outward movement of transmembrane helix 6 (TM6) away from TM3 (e.g., see experimentally determined inactive and active structures of a prototypic GPCR compared to intermediate states in Figure 1). Typically, GPCR activation is mediated by the binding of agonist ligands at the so-called orthosteric binding site, which is the same site where endogenous ligands bind. Antagonist and inverse agonist ligands, on the other hand, shift the conformational equilibrium toward inactive conformations of the receptor while partial agonists are expected to stabilize intermediate conformations between inactive and active states of the receptor. For years, drug design at GPCRs has mostly been focused on optimizing ligands for the receptor orthosteric site. However, by binding non-conserved regions of the receptor and directly affecting the binding and/or efficacy of orthosteric ligands, so-called positive and negative allosteric modulators (PAMs and NAMs, respectively) are receiving more and more attention for the development of improved therapeutics targeting GPCRs. Similarly, so-called biased agonists hold a great potential for drug discovery since they would stabilize receptor conformations that selectively recruit an intracellular protein instead of another, thereby triggering specific biological effects. Figure 2 provides a cartoon depiction of the expected effect of the different types of ligands on the receptor.


[image: image]

FIGURE 1. A comparison of the representative conformation of the most probable metastable state within an intermediate region of (A) the morphine-bound MOP receptor, where the intermediate state is in light blue, and (B) the TRV-130-bound MOP receptor, where the intermediate state is in light purple, relative to the experimentally determined MOP receptor inactive and active states (light and dark gray, respectively). Note that the most dramatic differences between these conformations stem from the extent of outward movement of TM6 away from TM3, which is one of the most notable conformational changes that has been associated with receptor activation. Images on the right correspond to a 90° rotation of the receptor helical bundle, and represent the view from the intracellular domain.
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FIGURE 2. A cartoon representation of the effects of different ligands on a GPCR. The cooperativity between allosteric and orthosteric ligands can shift their affinities for the receptor, and/or bias the GPCR coupling to a particular intracellular partner.



Indeed, among the NIDA’s ten most wanted medication development priorities in response to the opioid crisis (Rasmussen et al., 2019) are agonists, antagonists, partial agonists, PAMs, and/or NAMs at a number of GPCRs, including orexin-1 or 2, kappa opioid (KOP), GABAB, muscarinic M5, nociceptin opioid peptide (NOP), metabotropic glutamate 2/3, ghrelin, dopamine D3, and cannabinoid CB-1 receptors. Additional NIDA-designated priority medications mediated by GPCRs (Rasmussen et al., 2019) included: (i) serotonin 5HT2C agonists or PAMs, with or without 5HT2A antagonist/NAM activity, (ii) biased μ-opioid (MOP) receptor agonists or PAMs, and (iii) NOP/MOP bifunctional agonists or PAMs.

One of the main obstacles to the development of new therapeutics for pain management or to treat or prevent opioid overdose or OUDs is the limited understanding of the relevant signal transduction mechanisms at the atomic level notwithstanding the recognized role of a number of GPCRs in the regulation of pain transmission and OUD manifestations, as well as the availability of high-resolution experimental structures for several of these GPCRs. Molecular dynamics (MD) simulations can provide a complementary perspective (Ribeiro and Filizola, 2019) on the molecular determinants underlying GPCR-mediated signaling mechanisms involved in pain transmission, respiratory depression, or clinical manifestations of OUD. Availability of more powerful hardware and software has made the use of MD simulations more affordable and available to a larger number of scientists. It is now straightforward for numerous groups to simulate timescales in the microsecond (μs) regime using high-performance computing resources accessible to a large number of academic institutions. Using either standard or enhanced MD simulations, the latter to access even longer timescales or a more extensive sampling, GPCRs are studied in terms of an ensemble of conformations between fully active and inactive states, with a number of factors, such as binding of ligands, lipids, ions, receptors, or intracellular proteins, shifting the equilibrium toward different states. While we refer the reader elsewhere for an overview of strengths and limitations of MD simulations in their application to GPCRs (e.g., Ribeiro and Filizola, 2019), we review here atomically detailed mechanistic insights from MD simulations of high-resolution experimental structures of a number of GPCR subtypes whose study might lead to faster development of medications for the treatment of pain or OUDs (see Table 1 for a summary of all the MD studies reported herein). These GPCRs include opioid, cannabinoid, orexin, metabotropic glutamate, and dopamine receptor subtypes regulating distinctive pharmacological mechanisms. The position of the co-crystallized ligands in the respective high-resolution experimental structures used as a starting point for the MD simulations referenced herein is shown in Figure 3.

TABLE 1. A compilation of the MD-based studies that have been reported in this review article.
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FIGURE 3. The experimentally determined high-resolution GPCR structures, together with their bound ligands, used in the MD-based studies discussed in this review. Nanobodies and other interacting proteins were removed. PDB 4dkl, The antagonist β-FNA bound to the MOP receptor; PDB 5c1m, The agonist BU72 bound to the MOP receptor; PDB 4djh, The antagonist JDTic bound to the KOP receptor; PDB 6b73, The agonist MP1104 bound to the KOP receptor; PDB 4ea3, The peptide mimetic antagonist compound 24 bound to the NOP receptor; PDB 5tgz, The antagonist AM6538 bound to the CB1 receptor; PDB 5xra, The agonist AM11542 bound to the CB1 receptor; PDB 5u09, The inverse agonist taranabant bound to the CB1 receptor; PDB 4s0v, The antagonist suvorexant bound to the OX2 receptor; PDB 3pbl, The antagonist eticlopride bound to the D3 receptor; PDB 4or2, The negative allosteric modulator FITM bound to the transmembrane domain of mGluR1; PDB 4oo9, The negative allosteric modulator mavoglurant bound to the transmembrane domain of mGluR5; PDB 5cgc, The negative allosteric modulator 3-chloro-4-fluoro-5-[6-(1H-pyrazol-1-yl)pyrimidin-4-yl]benzonitrile bound to the transmembrane domain of mGluR5; PDB 5cgd, The negative allosteric modulator 3-chloro-5-[6-(5-fluoropyridin-2-yl)pyrimidin-4-yl]benzonitrile bound to the transmembrane domain of mGluR5.





SYNOPSIS OF MD SIMULATION METHODS CITED HEREIN

The goal of this section is not to describe in detail the MD simulation methods and tools cited in this review, but rather provide a lay summary for the general audience. Interested readers are referred to the appropriate reviews, cited below, where the methods are described more thoroughly.

The aim of an MD simulation is to provide the time-evolution of a system by solving the appropriate equation(s) of motion. In these equations, the energy interactions between the particles of the system under study must be described. In principle, atomic-level interactions should be handled using quantum mechanics; however, due to the size of typical biological systems, it is often unfeasible to use the fully quantum description, and classical mechanics is used instead (Oren et al., 2001). The typical approach to modeling these interactions is to describe bonded and non-bonded atomic interactions by simple expressions, with different parameters in these expressions representing different atom types (Oren et al., 2001; Ponder and Case, 2003; Lopes et al., 2015; Nerenberg and Head-Gordon, 2018). The determination of an accurate set of parameters for use in these expressions (the so-called force field) is key to properly describe atomic interactions within biological systems, and it is therefore an intensive area of research. In the following sections, we will mention several different force fields that are currently available to the MD practitioner and have been used in the studies reported here, including those corresponding to the names of Assisted Model Building and Energy Refinement (AMBER) (Maier et al., 2015), Chemistry at Harvard Macromolecular Mechanics (CHARMM) (Best et al., 2012), General Amber force field (GAFF) (Wang et al., 2004), CHARMM General Force Field (CGenFF) (Vanommeslaeghe et al., 2010), etc. In addition, tools such as General Automated Atomic Model Parametrization (GAAMP) (Huang and Roux, 2013) have been developed to automatically generate force field parameters for small molecules not accurately described by the aforementioned force fields.

One of the major obstacles in using MD simulations for investigating biological problems is that the timescale for sampling the event of interest is often larger than the times that can be simulated (Bernardi et al., 2015). While the microsecond (μs) regime is nowadays accessible to a large number of MD practitioners, most biological events fall above that threshold (Valsson et al., 2016; Ribeiro et al., 2019). Enhanced sampling methods are designed to provide a faster exploration of the conformational space of the system under study. In this review, we report on studies carried out using two classes of enhanced sampling MD methods. One of these classes, exemplified by metadynamics and Gaussian accelerated molecular dynamics (GaMD) simulations, uses an artificial biasing force to speed up the rate at which the process of interest is sampled, and so long as this is done in a careful manner, the effect of the “bias” can be “reweighed” to recover “unbiased” information. The other class of enhanced sampling MD simulations is exemplified by adaptive sampling protocols, in which successive batches of simulations are started from regions of conformational space that have been undersampled, thus accelerating the sampling of important, but slow, events (Husic and Pande, 2018; Ribeiro et al., 2019). Throughout the remainder of this review we refer to unbiased MD as simulations in which trajectories are propagated without the help of enhanced sampling techniques, although adaptive sampling techniques are, in principle, not biased (Husic and Pande, 2018).



OPIOID RECEPTORS

Overdose deaths by prescription, illegal, or synthetic opioids have mostly been attributed to the activation of the MOP receptor, a rhodopsin-like (class A) GPCR located, in part, on brainstem neurons that control respiration. In an attempt to develop improved opioid therapeutics with limited respiratory depression and other unwanted side effects (Janecka et al., 2019), attention has recently shifted to G protein-biased agonists of the MOP receptor. These MOP receptor ligands are believed to produce anti-nociceptive action by stabilizing a receptor conformation that preferentially activates G-protein over β-arrestin, the latter shown to be linked to unwanted side effects (Bohn et al., 1999; Raehal et al., 2005).

Recent MD simulations have been leveraged to reveal the molecular details behind G-protein biased agonism at the MOP receptor (Schneider et al., 2016; Kapoor et al., 2017; Cheng et al., 2018). In particular, oliceridine, also known as TRV-130, a G protein-biased MOP receptor ligand that reached phase III clinical trials for management of moderate to severe pain (Viscusi et al., 2019), has been the subject of a number of MD simulations (Schneider et al., 2016; Kapoor et al., 2017; Cheng et al., 2018). Our group, for instance, investigated the binding of TRV-130 from the bulk solvent to the MOP receptor, as well as its preferred mode of interaction at the crystallographically identified orthosteric binding site, using ∼44 μs of unbiased all-atom MD simulations (Schneider et al., 2016). These MD simulations had the MOP receptor placed in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/cholesterol lipid membrane environment and used the CHARMM36 force-field to represent the protein and lipid molecules, and CGenFF for the TRV-130 ligand. The results of these simulations suggested that intermediate binding states of TRV-130 at the so-called vestibule region of the MOP receptor directed ligand access to the orthosteric site, and that two energetically indistinguishable conformations could be adopted in the orthosteric binding pocket. Additional microsecond-scale, unbiased simulations of the MOP receptor bound to TRV-130 or the classical orthosteric opioid drug morphine (Schneider et al., 2016) suggested differences in the allosteric coupling between the MOP receptor orthosteric site and the receptor intracellular region induced by the two different ligands. Notably, we found that residues in direct or water-mediated contact with either ligand did not exhibit a main role in the communication between the orthosteric binding site and the intracellular region of the MOP receptor, notwithstanding their contribution to stable ligand binding at the orthosteric pocket. In addition, unlike the morphine-bound receptor, in which the most contributing residues to the allosteric coupling between the orthosteric binding site and the intracellular region of the MOP receptor resided in both transmembrane (TM) helices TM3 and TM6, the TRV-130 complex did not have strong contributors to the co-information in TM6 (Schneider et al., 2016).

To obtain a more thorough investigation of the molecular details of ligand-induced MOP receptor activation, we recently built a Markov state model (MSM) using over 400 μs of MD simulations of the MOP receptor embedded in a POPC/cholesterol membrane mimetic environment with either morphine or TRV-130 bound at the orthosteric binding site (Kapoor et al., 2017). Here, the CHARMM36 and CGenFF force-fields were also used. The MSM revealed that the conformational landscape of the MOP receptor in complex with either ligand contained several kinetic macrostates (i.e., metastable states) in addition to those corresponding to crystal-like active or inactive conformations of the receptor, defining two different intermediate regions of the conformational space for each ligand-MOP complex. These regions contained different conformational states stabilized by morphine or TRV-130, which may or may not get ever resolved experimentally and yet be useful for the rational design of improved opioids with reduced side effects. Shown as an example in Figure 1 are representative conformations of the most probable metastable states within the intermediate regions available to the simulated morphine-bound and TRV130-bound MOP complexes compared to active or inactive crystallographic states of MOP, which are characterized by a different extent of TM6 outward movement. Another important observation of this MSM analysis was the existence of different activation/deactivation pathways induced by the classical or G protein-biased opioid ligand, which confirmed the substantial difference in the receptor dynamics induced by the two different ligands.

In a recent investigation, unbiased MD simulations were used to study the MOP receptor in a ligand-free form, as well as in complex with TRV-130, the agonist BU72, the antagonist naltrexone (NTX), or the antagonist β-FNA. These simulations were each run for 300 ns with the MOP receptor embedded in a POPC membrane environment, the ligands parameters derived from CGenFF, and both the lipid and receptor molecules described by CHARMM36 force field parameters. Notably, simulations of the TRV-130-MOP receptor complex drew attention to two residues in TM6 and TM7, specifically, Y3267.43 and W2936.48, which had been shown to be important for MOP receptor biased signaling by mutagenesis studies. Superscript residue numbers here and throughout the text refer to the Ballesteros–Weinstein generic numbering scheme (Ballesteros and Weinstein, 1995) wherein the first digit corresponds to the transmembrane helix number and the second digit is a sequence number relative to the most conserved residue in a helix, which is assigned a value of 50. However, corrections to this numbering scheme incorporating structural information have been proposed (Isberg et al., 2015) and will be reported in parenthesis for those residues whose numbering may diverge from Ballesteros-Weinstein’s, such as Y3267.43 (renumbered Y3267.42 by Isberg et al., 2015).

Similar to MOP receptor agonists, centrally acting KOP receptor agonists can be effective in the treatment of pain, but their dysphoric and hallucinogenic side effects have limited their clinical usefulness (Land et al., 2008), shifting focus to the development of peripherally restricted KOP agonists as analgesics with reduced abuse liability (Hasebe et al., 2004) or KOP antagonists for the treatment of substance use disorders (Carlezon and Krystal, 2016). The structural basis of agonism or antagonism at the MOP and KOP receptors has recently been studied using unbiased all-atom MD simulations (Yuan et al., 2015). A total of four ligand-opioid receptor complexes embedded in a POPC membrane environment were simulated, including the KOP receptor in complex with the JDTic antagonist, the MOP receptor complexed with the agonist morphine, and either the MOP or KOP receptor in complex with levallorphan, a morphinan ligand acting as an antagonist at the MOP receptor and an agonist at the KOP receptor (Yuan et al., 2015). The simulations – each 3 μs in length – made use of CGenFF in their description of the ligands, and the CHARMM36 force field for all remaining molecules. In these simulations, the authors found that the amount of water penetration into the interior of the receptors, which is a known characteristic of GPCR activation, was higher when the receptor was complexed with an agonist as opposed to an antagonist (Yuan et al., 2015). In particular, the levallorphan-MOP and JDTic-KOP complexes formed a σ – π stacking interaction with the Y3207.43 (Y3207.42 as per Isberg et al., 2015) residue, which tended to block water penetration into the interior. Solvent accessible surface area calculations on subsequent short MD simulations of several other agonists or antagonists in complex with either the KOP or MOP receptors showed these values were higher for receptors in complex with agonists as opposed to antagonists (Yuan et al., 2015).

The conformational changes induced by 6′-Guanidinonaltrindole (6′-GNTI), a G-protein biased agonist that is selective for the KOP receptor, or the antagonist 5′-Guanidinonaltrindole (5′-GNTI) have recently been studied using unbiased all-atom MD simulations (Cheng et al., 2016). In this work, ∼600 ns MD simulations were performed on the ligand-free KOP receptor, as well as the receptor in complex with either 5′-GNTI or 6′-GNTI, with each system embedded in an explicit POPC membrane environment (Cheng et al., 2016). The MD simulations of the KOP receptor bound to the antagonist 5′-GNTI drew attention to the hydrogen bond between S3247.47 and V691.42 as the basis for the stabilization of the kink angle on TM7 at about 150°, and possibly deriving antagonistic activity. In contrast, the MD simulation of the G-protein biased agonist 6′-GNTI bound to the KOP receptor showed a different value for this kink angle, and highlighted an interaction of the ligand guanidinium group with the E2976.58 residue, together with the steric effect from I2946.55, as key contributors to the rotation of TM6, a known hallmark of GPCR activation (Cheng et al., 2016). The possible absence of guanidinium-E2976.58 interaction in the MOP or the δ-opioid receptor (DOP) receptor due to this residue replacement by a lysine or tryptophan, respectively, was interpreted as the basis for the lack of 6′-GNTI agonism in those opioid receptor subtypes.

More recently, the KOP receptor conformational changes induced by the agonist MP1104 or the antagonist JDTic were investigated using enhanced sampling MD simulations (An et al., 2018). Specifically, using the generalized AMBER force field for the ligands and the AMBER ff14SB force field for the protein, the GaMD method was used to enhance the sampling of long-time, large-scale conformational rearrangements associated with KOP receptor activation by introducing a biasing harmonic potential on certain dihedral angles. The following systems were all simulated in an explicit POPC membrane environment: the ligand-free KOP receptor in an inactive or active conformation, the latter with or without an intracellular protein, the JDTic-inactive KOP receptor complex, and the MP1104-active KOP receptor complex with or without a stabilizing intracellular partner (An et al., 2018). Taken together, the results of these simulations showed that while the agonist stabilized specific functional domains in an active-like conformation, the antagonist shifted the conformational equilibrium toward an inactive conformation. Notably, the inactive ligand-free state of the KOP receptor was the most stable one, in contrast to the ligand-free active form of the receptor, which readily transitioned to an intermediate state characterized by a reduced TM6 outward movement (An et al., 2018). Finally, the results revealed a hydrophobic interaction between Y2465.58 and TM6 in the intermediate metastable state that hindered the transition between the inactive and active conformations of the KOP receptor (An et al., 2018).

The NOP receptor is another opioid target of interest for powerful pain relief with reduced side effects. MD simulations using the AMBER ff99sb force field were recently used to investigate the molecular effect of the novel analgesic cebranopadol (CBP) – which acts as an agonist at both NOP and MOP receptors – on the NOP receptor (Della Longa and Arcovito, 2019). These simulations, run in an explicit POPC membrane environment, used the high-resolution structure of the NOP receptor in complex with the antagonist C24 as a starting point for 1 μs-long simulations of the ligand-free NOP receptor, the C24-NOP receptor complex, and the CBP-NOP receptor complex (Della Longa and Arcovito, 2019). In all cases, the simulations did not sample the large amplitude motions of the transmembrane helices associated with receptor activation even in the presence of the agonist CBP (Della Longa and Arcovito, 2019). The CBP ligand did, however, destabilize the inactive NOP receptor conformation relative to both the ligand-free NOP receptor and the C24-NOP receptor complex such that the NOP receptor bound to CBP could sample a much wider region of the local conformational space (Della Longa and Arcovito, 2019). The authors used these MD simulations to determine some of the earliest microswitches that lead to destabilizing the initial inactive conformation. A histogram of the conformational space of the M1343.36 and W2766.48 residues located in the orthosteric site revealed that a conformational switch to their active-like positions was accessible to the agonist-receptor complex (Della Longa and Arcovito, 2019). In addition, the time evolution of the conformation of these residues showed that in the agonist-receptor complex these active-like states were “locked” in place for the remainder of the simulation (Della Longa and Arcovito, 2019).

Allosteric modulators of opioid receptors (Remesic et al., 2017) constitute another priority area of research with expected higher probability of success in the development of medications in response to the opioid crisis (Rasmussen et al., 2019). NIDA’s “most wanted” allosteric modulators of opioid receptors include MOP PAMs (Rasmussen et al., 2019). One of the reasons why MOP PAMs are of potential interest is that by increasing the potency and/or efficacy of classical opioid drugs, they are expected to produce the same analgesic response achieved by higher doses of opioid drug while simultaneously presenting fewer on-target overdosing risks. Most importantly, these compounds may not be subject to the compensatory mechanisms deriving from chronic MOP activation (e.g., tolerance, dependence, and increased toxicity) because they preserve the temporal and spatial fidelity of signaling in vivo by acting only in the presence of endogenous or other orthosteric ligands (Remesic et al., 2017).

Since experimental high-resolution structures of opioid receptors in complex with allosteric modulators are yet to be published, and automated docking protocols do not yield single binding poses that can be clearly distinguished from the rest, MD simulations can make valuable contributions toward locating allosteric binding sites in opioid receptors, as well as revealing the molecular basis for their binding modes, as we recently demonstrated in an application to the DOP receptor. Specifically, we used metadynamics to simulate the binding of a recently discovered allosteric modulator BMS-986187 of opioid receptors (Burford et al., 2015; Livingston et al., 2018) to the DOP receptor in complex with the orthosteric ligand SNC-80 (Shang et al., 2016). The simulations identified the two most stable binding modes with near-degenerate energies that were discriminated experimentally based on functional studies of normal and mutant receptors (Shang et al., 2016). Figure 4 summarizes the essence of this integrated computational-experimental work, which gave support to the BMS-986187 binding pose in cyan color as the most likely to occur based on the impact of specific mutations (e.g., L/W3007.35) on either the intrinsic binding affinity of the PAM or the affinity/efficacy of the orthosteric ligand.
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FIGURE 4. The two energetically most favorable binding modes of the allosteric modulator BMS-986187 – colored yellow and cyan – at the DOP receptor in complex with the orthosteric ligand SNC-80, which is colored in gray. In sticks are the DOP receptor residues in the putative DOP allosteric site used in mutagenesis experiments to help validate the most likely binding mode. The plots to the right show the effect of mutations on the affinity of the allosteric ligand (top right), the induced changes in affinity of the orthosteric ligand (middle plot), and the changes in orthosteric ligand efficacy when the allosteric ligand is bound (bottom right). The experimental data support the predicted BMS-986187 binding mode in cyan color as the most favorable one. Astars indicate the statistical significance levels as given by Dunnet’s test p values (∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001).



The structural basis for the effect that another allosteric modulator, BMS-986122, has on MOP in complex with either the partial agonist buprenorphine or the agonist methadone, was recently investigated using μs-scale unbiased MD simulations in an explicit membrane mimetic environment (Bartuzi et al., 2019). The results suggested that specific dynamic movements that are characteristic of full receptor activation, such as for instance the bending and rotation of TM7, can be induced by the allosteric modulator even in the presence of a partial agonist at the orthosteric binding site (Bartuzi et al., 2019).



CANNABINOID RECEPTORS

The cannabinoid receptor 1 (CB1) is another important class A GPCR drug target for the development of new analgesics with reduced side effects. For instance, PAMs of this receptor have been shown to suppress pathological pain without producing tolerance or dependence (Slivicki et al., 2018). These properties, alongside their potentially reduced psychoactive side effects due to their lack of intrinsic activity and inherent ceiling efficacy, make CB1 PAMs potentially better therapeutics for inflammation and chronic pain compared to CB1 orthosteric agonists (Wootten et al., 2013). CB1 antagonists have also been reported to exert analgesia in animal models of inflammatory arthritis and hyperalgesia with reduced side effects (Croci and Zarini, 2007; Ueda et al., 2014). Based on these insights, the CB1 receptor is a target of interest for the development of improved therapeutics to combat the opioid crisis (Rasmussen et al., 2019). Luckily, a number of high-resolution experimental structures for either inactive or active CB1 receptors have been made available (Hua et al., 2016, 2017; Shao et al., 2016; Krishna Kumar et al., 2019) and can be used to study CB1-mediated functional mechanisms at a molecular level for the purpose of guiding rational drug discovery.

A recent unbiased MD simulation-based investigation used these structures in order to gain insight into the features that could explain the different efficacy profiles of partial agonists, antagonists, and inverse agonists bound to the CB1 receptor, and could eventually be used for the design of novel therapeutics targeting the CB1 (Jung et al., 2018). Specifically, analysis of these MD simulations made it possible to discriminate the dynamic tendencies of inactive and active CB1 structures in the presence of ligands with different efficacies while the molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) method was used to assess the contribution of individual ligand-receptor interactions to the binding of the partial agonist Δ9-tetrahydrocannabinol (THC), the antagonist Δ9-tetrahydrocannabivarin (THCV), and the inverse agonist taranabant from ligand binding free energy decompositions of the CB1-ligand complexes. These MD simulations revealed that binding of the inverse agonist to the active CB1 receptor structure made TM1 less rigid, leading to larger root-mean-square deviations of the possible contacts between TM1 and 2, as well as TM1 and TM7, compared to either the partial agonist-bound or the antagonist-bound active CB1 receptor complex. In addition, the simulations drew attention to large conformational changes involving residues Phe2003.36 and Trp3566.48 in the orthosteric binding site. In the inactive CB1 receptor, the inverse agonist taranabant – through a direct interaction with Trp3566.48 – stabilized the conformation of Trp3566.48 and Phe2003.36 with respect to one another while the partial agonist THC and antagonist THCV did not. In contrast, in the CB1 active conformation, taranabant induced a different dynamic behavior for the interaction of Trp3566.48 and Phe2003.36 compared to the partial agonist THC. Furthermore, changes in the binding free energies showed that the partial agonist THC preferred the CB1 active conformation, whereas the simulated inverse agonist taranabant remained more favorably bound to the CB1 inactive conformation via a stable interaction with residue Trp3566.48 (Jung et al., 2018) during the afforded simulation timescale.

In another recent investigation, biased MD simulations were used to probe the binding sites and modes of the CP 55,940 agonist and the GAT228 mixed agonist/PAM (so-called Ago-PAM) to the CB1 receptor (Saleh et al., 2018). Ligand binding events to the CB1 receptor were enhanced using the multiple-walker metadynamics biasing protocol (Saleh et al., 2017) and a funnel-shaped restraint applied to the ligand in the bulk, both for the purpose of aiding convergence (Saleh et al., 2018). The simulation of CP 55,940 binding to the ligand-free CB1 receptor – run for 2 μs to achieve convergence – showed a single, deep minimum along the binding potential of mean force (PMF) (Saleh et al., 2018). The location of this deep minimum corresponded to the orthosteric binding site in the high-resolution structure of the CB1 receptor (Saleh et al., 2018). The binding mode of CP 55,940 was found to reproduce all of the interactions observed in the high-resolution structure of the THC agonist AM11542 bound to the CB1 receptor, except for the interaction with F1742.61, which was replaced by an interaction with residue F102 in the N-terminal region of the receptor (Saleh et al., 2018). In contrast, the binding simulations of the GAT228 Ago-PAM to the ligand-free CB1 receptor, showed two PMF minima corresponding to binding at different sites of the receptor. These two minima had similar affinities (Saleh et al., 2018), which suggests an equilibrium between binding at the two different receptor sites, thus providing structural context to the experimentally observed partial agonistic effect of GAT228 (Saleh et al., 2018). While the PMF global minimum corresponded to GAT228 bound to the orthosteric site via a cluster of hydrophobic interactions with Val1963.32, Leu1933.29, and seven additional Phe residues (Saleh et al., 2018), the other PMF minimum defined a putative CB1 receptor allosteric site (Saleh et al., 2018). Notably, simulations of the binding of GAT228 to the CP 55,940-CB1 receptor complex revealed a 3 Å RMSD displacement of the CP 55,940 binding mode induced by GAT228 binding preferentially at an allosteric site defined by residues W2795.43, Y2755.39, W3566.48, and the N-terminus F268 (Saleh et al., 2018), through a hydrogen bond between the indole hydrogen atom of GAT228 and T1973.33 (Saleh et al., 2018).



OREXIN RECEPTORS

The orexin (OX) 1 and 2 receptors, expressed throughout the CNS, are neuropeptide receptors that belong to the β-branch of the rhodopsin-like GPCRs (Yin et al., 2016). Although these receptors are known to be important in regulating mammalian sleep patterns (Yin et al., 2015, 2016; Wacker and Roth, 2016), they have recently received attention in the development of therapeutics to address the opioid crisis (Rasmussen et al., 2019). Although high-resolution experimental structures exist for both the OX1 and OX2 receptors bound to antagonists (Yin et al., 2015, 2016; Suno et al., 2018), recent MD-based studies have focused on the OX2 receptor (Bai et al., 2018; Karhu et al., 2019). The earliest of these studies used 200 ns of unbiased MD simulations of the antagonist suvorexant bound to the OX2 wild-type and N3246.55A mutant receptors embedded in a POPC lipid environment to understand the dynamic interplay between the horseshoe shape pocket of the receptor revealed by crystallography (Yin et al., 2015) and the boat conformation of the ligand at an atomic level of detail (Bai et al., 2018). In line with the notion of a loss of antagonist binding ability and signaling response in the N3246.55A mutant, the results of these simulations showed a distorted horseshoe shape pocket of the N3246.55A mutant of the OX2 receptor compared to wild-type receptor, suggesting that an intact horseshoe shape pocket is required for optimal suvorexant binding and antagonistic activity (Bai et al., 2018).

Molecular determinants of OX2 receptor binding and activation were further investigated in a recent MD-based work (Karhu et al., 2019) focused on comparing the receptor dynamic behavior induced by the agonist Nag26 or the antagonist suvorexant, in addition to predicting the mode of binding of the endogenous ligand orexin-A at the OX2 receptor (Karhu et al., 2019). The microsecond-long unbiased MD simulations of Nag26 or suvorexant bound to the OX2 receptor revealed very different dynamic behaviors between the agonist and antagonist, with the agonist exhibiting much increased flexibility and completely different interaction patterns (Karhu et al., 2019). In particular, while suvorexant induced stabilization of the Q1343.32–Y3547.43 (renumbered Y3547.42 according to Isberg et al., 2015) hydrogen bond, Nag26 promoted counterclockwise rotation of the TM5 extracellular end, influencing the interactions among TM4, 5, and 6 (Karhu et al., 2019).



DOPAMINE RECEPTORS

The dopamine D3 receptor has also received attention as a drug target for mitigating the opioid crisis (Rasmussen et al., 2019) in large part because of its potential for opioid dependence treatment (Kumar et al., 2016). Recent work on this receptor highlighted the importance of using MD simulations to predict ligand binding at the D3 receptor in agreement with inferences from site-directed mutagenesis (Ferruz et al., 2018). In particular, binding of the antagonist PF-4363467 from the bulk to the dopamine D3 receptor was simulated with ACEMD (Harvey et al., 2009) directed sampling and MSMs generated using High-Throughput Molecular Dynamics (HTMD), using the CHARMM36 force field for the protein and POPC lipid, and ligand force field parameters generated with the GAAMP tool within HTMD. An adaptive sampling protocol was used for these simulations, according to which MSMs were built from successive batches of simulations to identify starting conformations for the next batch, thus affording thorough exploration of the conformational landscape without biasing the potential. A total of over 680 μs of simulation was carried out, resulting in the sampling of two binding paths, which differed in the presence of a second intermediate state in the minor binding path. This intermediate state corresponded to PF-4363467 bound to the D3 receptor at a position between the extracellular vestibule and the orthosteric site. The main structural difference between the predicted PF-4363467-D3 receptor complex and the crystallographically determined eticlopride-D3 receptor complex (Chien et al., 2010) was the formation of an aromatic cryptic pocket between TM5 and TM6 involving residues F3386.44, W3426.48, L3436.49, F3456.51, and F3466.52 deriving from the displacement of residues F1975.47 and F3466.52 (Ferruz et al., 2018).

The SB269652 ligand is a bitopic D2 and D3 receptor ligand with negative allosteric modulation activity (Silvano et al., 2010) that has received research attention for the treatment of drug abuse (Verma et al., 2018). By nature of being bitopic, SB269652 binds to both the orthosteric binding site and an allosteric binding site in the receptor. Previous molecular modeling studies suggested that the tetrahydroisoquinoline (THIQ) moiety of SB269652 binds to the orthosteric binding site via an ionic interaction with D3.32 whereas the indole-2-carboxamide moiety of SB269652 protruded into a putative allosteric site between TM2 and TM7, forming a hydrogen bond with the E2.65 (renumbered E2.64 according to Isberg et al., 2015) residue (Guo et al., 2008; Lane et al., 2014). However, mutagenesis and structure activity relationship studies of SB269652 questioned that this hydrogen bond alone could determine the compound allosteric properties (Lane et al., 2014; Mistry et al., 2015; Shonberg et al., 2015), calling for an in depth dynamics study. Thus, adaptive sampling MD simulations using MSMs were recently used to obtain mechanistic insights into the role of the E2.65 residue in the binding and allosteric properties of SB269652 at both the D2 and D3 receptors (Verma et al., 2018). Specifically, simulations were carried out for the ligand bound to the wild-type D2 receptor, the E2.65A D2 receptor mutant, the wild-type D3 receptor, or the E2.65A D3 receptor – all of which were embedded in a POPC lipid environment – for a total of 76.5 μs, with the simulation time of each complex ranging between 15.9 and 21.3 μs (Verma et al., 2018). The THIQ moiety of SB269652 bound at the orthosteric site was shown to be quite stable in both the D2 and D3 receptors, although subtle differences in its binding poses were observed, due in large part to different interactions between the ligand and the extracellular loop 2 (Verma et al., 2018). This is in agreement with previous chimera mutagenesis results that showed the affinities for the D2 and D3 receptors were different in large part due to the extracellular loop 2 (ECL2) (Silvano et al., 2010). In contrast, the indole-2-carboxamide moiety of SB269652 bound at the allosteric site was shown to undergo significant fluctuations, with the MSM analysis revealing two equiprobable metastable states in the wild-type D2 and D3 receptors, but three different metastable states in both the E2.65A D2 and D3 receptor mutants (Verma et al., 2018). Furthermore, the results suggested that the E2.65 residue mediated the allosteric properties of SB269652 by not only forming a direct hydrogen bond with SB269652, but also by impacting the overall shape and size of the allosteric binding site.

Another recent joint experimental-computational publication also made use of MD simulations to help explain the molecular basis for the binding of bitopic arylamide phenylpiperazine ligands selective for the D3 receptor over D2 (Hayatshahi et al., 2018). Specifically, studies were focused on the prototypic arylamide phenylpiperazine LS-3-134 ligand, which has been found to act as a D3 receptor partial agonist and has also been shown to be 150-fold more selective for the D3 receptor relative to the D2 receptor (Tu et al., 2011). Radioligand binding studies showed that the greatest contribution to the binding energy of the LS-3-134 ligand to the D3 receptor was the phenylpiperazine moiety, but that the arylamide moiety heavily influenced ligand selectivity for the D3 receptor (Hayatshahi et al., 2018). The MD simulations were used to explain the effect that analogs of the piperazine moiety had on the binding affinity. In particular, three different 300 ns unbiased MD simulations were run for LS-3-134 as well as four of its analogs bound to the D3 receptor, revealing that the number of contacts between the protonated nitrogen of piperazine and the D3.32 residue tended to decrease as the size of the piperazine increased, with the exception of only one compound. Calculation of their respective binding energies using MM-PBSA showed that the strength of the electrostatic interaction with the D3.32 residue generally decreased as the size of the piperazine substituent increased. Umbrella sampling simulations were used to generate a PMF aimed at mimicking the unbinding of the ligand protonated nitrogen from the D3.32 residue, and the depth of the bound state in the PMF also agreed with the experimental trend except for one of the analogs (Hayatshahi et al., 2018).



METABOTROPIC GLUTAMATE RECEPTORS

Metabotropic glutamate receptors (mGluRs) belong to the glutamate (Class C) subfamily of GPCRs given that their endogenous ligand is the neurotransmitter glutamate. Owing to the demonstrated important role of glutamate in pain sensation and transmission, these receptors have been suggested to be promising potential targets for novel pain relieving medications (Pereira and Goudet, 2018). There are eight different subtypes of mGluRs, which are divided into group I (mGluR1 and 5), group II (mGluR2 and 3), and group III (mGluR4, 6, 7, and 8) receptors. While group I mGluRs signal via Gαq, groups II and III signal via Gαi. Several articles suggest opposing effects of the group I vs. group II and III receptors in reference to antinociception, with group I antagonists or group II/III agonists in the spotlight from a drug discovery perspective. In particular, mGluR2/3 agonists or PAMs have been listed among NIDA’s “most wanted” medications in response to the opioid epidemics (Rasmussen et al., 2019).

Like other class C GPCRs, mGluRs are structurally different from rhodopsin-like (class A) GPCRs in that they have a large extracellular domain, also known as Venus Flytrap Domain (VFD), in addition to the 7 transmembrane helical domain (7TMD). Unlike class A GPCRs, the endogenous ligand binding site of mGluRs is located in the extracellular VFD, whereas the transmembrane helical bundle is the primary site for allosteric modulators. Another significant uniqueness is that these receptors are obligate dimers by virtue of a disulfide bond between their VFDs.

Experimental high-resolution structures exist for the 7TMD of mGluR1 (Wu et al., 2014) and the 7TMD and VFT of mGluR5 (Doré et al., 2014; Christopher et al., 2015, 2018; Koehl et al., 2019). There are not, however, published high-resolution structures of the 7TMD of mGluR2 and mGluR3, although their VFT domain has been determined by X-ray crystallography (Muto et al., 2007). Thus, we report here two recent MD-based studies, one for mGluR1 and another for mGluR5, both using their high-resolution experimental structures as starting conformations. To investigate mGluR1 allosteric modulation mechanism at an atomic level of detail appropriate for designing potent NAMs of this receptor, Bai and Yao carried out both biased and unbiased MD simulations on wild-type mGluR1 dimer, as well as its T815M and Y805A mutants, in complex with a NAM known as FITM (4-fluoro-N-(4-(6-(isopropylamino)pyrimidin-4-yl)thiazol-2-yl)-N-methylbenzamide), and embedded in a POPC lipid membrane environment (Bai and Yao, 2016). The simulations used the CHARMM27 force field for the protein and lipid, and the CGenFF force field for FITM. The unbinding PMF, calculated using an adaptive biasing force, revealed an intermediate ligand-binding state along the NAM-mGluR1 dissociation path, stabilized by interactions with residues S735, T748ECL2, C746ECL2, K8117.28 (renumbered K8117.29 according to Isberg et al., 2015) (Bai and Yao, 2016). While hydrogen bonding between FITM and Y805 was identified as a major contributor to stable ligand binding at the crystallographically determined allosteric site, ligand hydrogen bonding to T748 was found to be a crucial factor in stabilizing FITM in an intermediate binding site (Bai and Yao, 2016). Finally, weak interaction analysis of the stabilizing and destabilizing non-covalent interactions using unbiased MD simulations corroborated the importance of van der Waals and hydrogen bond interactions between Y805 and T815 residues in stabilizing the ligand at the binding site.

In another recent unbiased MD investigation, the structural basis for the binding of several NAMs in preclinical or clinical development (mavoglurant, dipraglurant, basimglurant, STX107, and fenobam), as well as three additional NAMs (MPEP, 51D, and 51E) at mGluR5, was elucidated (Fu et al., 2018). The simulations used an explicit POPC membrane in which to embed the ligand-mGluR5 complexes. The force field parameters of the protein atoms were based on the AMBER ff14SB force field, while the force field parameters of the lipid atoms used the Lipid14 force field and ligands were parametrized with the GAFF force field using the Antechamber program. To begin, five NAMs (dipraglurant, basimglurant, STX107, fenobam, and MPEP) were docked to the mGluR5 receptor allosteric site and short 100 ns MD simulations were used to assess the stabilities of the predicted docked poses. Using the final 50 ns of these trajectories, MM/GBSA calculations were carried out to rank the ligands according to their binding free energies. Using the per-residue free energies, eleven residues – I6252.46, I6513.36, S6543.39, P6553.40, L7445.44, W7856.50, F7886.53, M8027.32 (renumbered M8027.33 according to Isberg et al., 2015), V8067.36 (V8067.37 as per Isberg et al., 2015), S8097.39 (S8097.40 as per Isberg et al., 2015), and A8107.40 (A8107.41 as per Isberg et al., 2015) – were identified as the main contributors to the stable binding of all studied NAMs to mGluR5. The apolar nature of most of these eleven residues further suggested that ligands with hydrophobic scaffolds might be better mGluR5 binders.



CONCLUDING REMARKS

In this work, we have reviewed recent MD-based investigations of a number of GPCRs that are currently in the spotlight for pain management or to treat or prevent OUD clinical manifestations. With the continued advancements in both computer hardware and MD simulation software, as well as sophisticated tools for analysis of increasingly larger datasets generated by MD simulations, atomic-level insights into the dynamical behavior of GPCRs involved in important pharmacological mechanisms are expected to contribute more and more to the rapid development of therapeutics in response to the opioid crisis.
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The immune system is critically involved in the development and maintenance of chronic pain. However, T cells, one of the main regulators of the immune response, have only recently become a focus of investigations on chronic pain pathophysiology. Emerging clinical data suggest that patients with chronic pain have a different phenotypic profile of circulating T cells compared to controls. At the preclinical level, findings on the function of T cells are mixed and differ between nerve injury, chemotherapy, and inflammatory models of persistent pain. Depending on the type of injury, the subset of T cells and the sex of the animal, T cells may contribute to the onset and/or the resolution of pain, underlining T cells as a major player in the transition from acute to chronic pain. Specific T cell subsets release mediators such as cytokines and endogenous opioid peptides that can promote, suppress, or even resolve pain. Inhibiting the pain-promoting functions of T cells and/or enhancing the beneficial effects of pro-resolution T cells may offer new disease-modifying strategies for the treatment of chronic pain, a critical need in view of the current opioid crisis.
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PAIN MODULATION BY CYTOKINES AND IMMUNE CELLS

Pain is one of the cardinal signs of inflammation, and anti-inflammatory drugs are the first-line therapy in many acute and chronic pain conditions. In patients, chronic pain is often associated with signs of activation of the immune system as characterized by increased circulating levels of pro-inflammatory cytokines (Davies et al., 2007; Koch et al., 2007; Uçeyler et al., 2007a,b, 2011; Cameron and Cotter, 2008; Kraychete et al., 2010; Held et al., 2019). The circulating level of the anti-inflammatory cytokines interleukin (IL)-10 and IL-4 were higher in patients with painless neuropathy than in patients with painful neuropathy and controls (Uçeyler et al., 2007b; Held et al., 2019).

The immune system can be divided into two functional arms: the innate and adaptive immune systems. The contribution of the innate immune system (macrophages, neutrophils, microglia…) and proinflammatory cytokines to the transition from acute to chronic pain has been well established and reviewed elsewhere (Scholz and Woolf, 2007; Grace et al., 2014; McMahon et al., 2015; Ji et al., 2016; Chen et al., 2018; Baral et al., 2019). Innate immune cells and released cytokines modulate both peripheral and central sensitization, leading to pain hypersensitivity. Peripheral sensitization is defined as a reduction in the threshold of excitability of sensory neurons, which thus become hyperexcitable. One interesting property of some pro-inflammatory cytokines (e.g., IL-1β) is their ability to interact directly with pain-sensing neurons (nociceptors among sensory neurons) to sensitize them and render them hyperexcitable, increasing the afferent input into the spinal cord (Binshtok et al., 2008; Baral et al., 2019). Moreover, in the dorsal horn of the spinal cord, cytokines facilitate the development of central sensitization (enhanced responses of pain spinal circuits). For example, Tumor Necrosis Factor α (TNFα) enhances the frequency of spontaneous excitatory post-synaptic current in lamina II neurons of the spinal cord (Kawasaki et al., 2008). Central sensitization in the spinal cord is thought to contributes to the transition to chronic pain and the spreading of pain beyond the site of primary insult (Woolf and Salter, 2000; Ji et al., 2016).

The role of the adaptive immune cells is less clear. The adaptive immune system is comprised of B and T cells (lymphocytes), and a few recent findings point out a potential role for B cells in pain, mainly through the production of autoantibodies (Andoh and Kuraishi, 2004; Klein et al., 2012; Hunt et al., 2018). However, the present review focuses on the emerging role of T cells in pain.



OVERVIEW OF THE T CELL SUBSETS

T cells express a unique antigen receptor complex on their surface: T cell receptor (TCR). In most T cells, the TCR is composed of two highly variable protein chains, α and β. The uniqueness of the TCR results from genetic rearrangements in the thymus driven by the proteins encoded by the recombination activating genes RAG1 and RAG2. The resulting unique TCRs have a very high degree of antigen specificity. TCR forms a complex with the co-receptor Cluster of Differentiation 3 (CD3) which is used as a marker to identify T cells. This TCR complex recognizes antigenic epitopes in the context of the Major Histocompatibility Complex (MHC). CD8+ T cells recognize antigen in the context of MHC-I that is expressed by virtually every nucleated cell, including neurons. In contrast, CD4+ T cells recognize MHC-II antigen which is presented specifically by antigen presenting cells (APC) such as macrophages, microglia, B cells and dendritic cells.

The CD4+ T cells are so-called T helper (Th) cells because they help cells from both the innate and adaptive immune system to optimize their response. CD4+ T cells can differentiate into functionally different subsets including Th1, Th2, Th17 or regulatory T cells (Treg; Zhu and Paul, 2008). These subsets differ from each other in their pattern of cytokine production and specific expression of characteristic transcription factors. Briefly, Th1 cells express T-bet and signal transducer and activator of transcription (STAT) 4 and release gamma-Interferon (IFNγ) and IL-2; Th2 cells express GATA3 and STAT5 and release IL-4, IL-10 and IL-13; Th17 cells express RORγT and release IL-17; and Treg express forkhead box P3 (FOXP3) and release Tumor Growth Factor (TGF)β and IL-10. Treg are a very interesting subset of T cells as their main role is to suppress the activity of other immune cells including the other subsets of T cells. The cytokines in the environment (Mousset et al., 2019), signaling through the antigen receptor, and level of engagement of specific co-stimulatory and co-inhibitory molecules on the cell surface of T cells orientate the fate of activated CD4+ T cells to specific helper subset. For example, high concentrations of IL-12 + IFNγ instruct the naïve T cells to differentiate into a Th1 profile, while IL-4 + IL-2 promote Th2 and IL-6 + IL-21 + TGFβ instruct toward Th17 subset differentiation. The anti-inflammatory cytokine TGFβ turns the cells toward the Treg fate (Figure 1). Other subsets of CD4+ T cells have been identified such as Th9, Th22, follicular T cell and Natural killer T cell (NKT; Zhu and Paul, 2008; Hirahara and Nakayama, 2016; Mousset et al., 2019), but will not be discussed in this review because their contribution to pain is completely unknown.
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FIGURE 1. Overview of the different subsets of T cells. All T cells are cluster of differentiation 3 (CD3)+ and can be divided into two subsets: CD4+ and CD8+ T cells. We recognize that some T cells are CD3- or CD4- CD8- cells and other subsets exist but these particular phenotypes are beyond the scope of the present review.



The CD8+ T cells can be differentiated into cytotoxic T cells (CTL) and suppressor/regulatory T cells. The best characterized role of the CD8+ T cells is to kill virus-infected and tumor cells. The CTLs carry out all the attention of research on the CD8+ T cells, but the suppressor/regulatory CD8+ T cells have often been neglected. The role of the different phenotypes of CD8+ T cells (Tc1, Tc2, Tc9, Tc17) and memory status (effector, central memory, effector memory…; Mousset et al., 2019) has not been investigated in chronic pain and thus will not be discussed in the present review.

Another type of T cell is the γδ T cells, which have a distinct TCR. In contrast to the αβ-TCR, γδ-TCR are invariant and less abundant (Itohara et al., 1993). In the circulation, only 5% of T cells are γδ T cells (Glusman et al., 2001), but they represent a high proportion of gut- and skin-resident immune cells, where they are localized near the sensory neurons (Marshall et al., 2019).



PHENOTYPE OF CIRCULATING T CELLS IN PATIENTS WITH CHRONIC PAIN

Few studies have analyzed circulating T cell counts and subsets in patients with chronic pain. Those studies are often small, and the parameters analyzed vary. Studies in patients with chronic pain do not report changes in the total number of circulating T cells compared to pain-free matched controls (Mangiacavalli et al., 2010; Luchting et al., 2015). Likewise, the number of circulating CD4+ and CD8+ T cells seems unchanged in various chronic pain conditions (Brennan et al., 1994). However, in patients with chronic headache, a lower number of CD8+ T cells, and consequently higher CD4+/CD8+ ratio was found compared to control individuals (Gilman-Sachs et al., 1989).

In general, assessment of the total number of circulating T cell subsets in patients with chronic pain is not very informative. To gain more insight into the role of T cells in chronic pain, some studies investigated the functional subsets of CD4+ T cells. These studies found an imbalance in the ratio of Th1/Th2 (Liu et al., 2006; Mangiacavalli et al., 2010) and Th17/Treg ratio (Tang et al., 2013; Luchting et al., 2014, 2015). To avoid bias, the absence of infection was controlled in these patients. Contrary to the expected pro-inflammatory profile, these studies actually found indication of an anti-inflammatory shift in T cell profile toward Th2 and Treg. Consistently, the expression of the specific Th17 transcription factor RORγT and cytokine IL-17 were decreased as well in complex regional pain syndrome (CRPS) patients (Haas et al., 2011; Heyn et al., 2019). In another study in CRPS patients, the number of Tregs did not change, but the specific sub-subset of CD39+ Treg was decreased (Heyn et al., 2019). In contrast, a stronger Th1 response was observed in T cells from patients with neuropathic pain as compared to controls when the cells were stimulated in vitro with myelin-derived antigen (Diederich et al., 2018). Further analysis reported changes in specific markers for sub-subsets of T cells. Furthermore, smoking affects both the development of chronic pain and T cell phenotypes (Scott et al., 1999; Power et al., 2001; Vargas-Rojas et al., 2011), strengthening the argument for a connection. In patients with chronic pain, smoking increased the Th17/Treg ratio measured by flow cytometry and mRNA expression of RORγT and FOXP3, and this increased Th17/Treg ratio was associated with higher pain sensitivity (Heyn et al., 2018).

Given that T cells are easy to access peripherally, they represent an attractive pool for identification of potential biomarkers to survey the development of chronic pain. However, the clinical relevance of measuring circulating T cells is not yet clear, and additional studies are necessary to identify potential biomarkers. It is also important to note that the phenotype of T cells can be affected by pain-killers (e.g., morphine; Ranganathan et al., 2009; Wiese et al., 2016; Plein and Rittner, 2018), potentially complicating any findings in patients after they begin treatment.



T CELLS IN NEUROIMMUNE INTERACTIONS

T cells play an important role in the communication between the nervous and immune systems, and one of the most studied interactions between T cells and the nervous system is the anti-inflammatory reflex (Tracey, 2009). During systemic inflammation, proinflammatory cytokines activate the afferent vagus nerve which initiates a reflex response. β2-adrenergic receptor-expressing T cells react to noradrenaline released by the sympathetic splenic nerve, triggering the production of acetylcholine by T cells. Acetylcholine signals to macrophages to switch from the production of pro-inflammatory to anti-inflammatory cytokines such as IL-10, thus dampening the immune response (Pavlov and Tracey, 2017). The anti-inflammatory reflex is absent in nude mice lacking T cells, and adoptive transfer of T cells restores the anti-inflammatory reflex, confirming the crucial role of T cells in this neuroimmune communication (Rosas-Ballina et al., 2011).

T cell function is also directly influenced by nociceptors. Upon activation, nociceptors release glutamate, calcitonin gene-related peptide (CGRP), and Substance P (SP). The canonical role of theses neurotransmitters and neuropeptides is to activate second order neurons in the dorsal horn of the spinal cord to signal pain into the central nervous system (CNS). In addition to this neuronal transmission role, activated nociceptors release these neurotransmitters and neuropeptides at their peripheral endings, regulating activity of local immune cells including T cells. T cells express inotropic and metabotropic glutamate receptors, SP and CGRP receptors (Rameshwar et al., 1992; Ganor et al., 2003; Mikami et al., 2011; Ohtake et al., 2015; Szklany et al., 2016). Activation of these receptors regulates various T cell functions such as adhesion, chemotactic migration, proliferation and immunological phenotypes (Hosoi et al., 1993; Levite et al., 1998; Hood et al., 2000; Levite, 2000; Talme et al., 2008; Mikami et al., 2011). Not surprisingly, nociceptor–T cell interaction has a critical role in chronic inflammatory diseases and in immune defense against infection (Basbaum and Levine, 1991; Razavi et al., 2006; Chiu et al., 2013; Cohen et al., 2019). Genetic ablation of nociceptors alters the immune response to sterile injury or infection and pathogen control (Chiu et al., 2013; Talbot et al., 2015; Baral et al., 2019).

Critically, the interaction between T cells and the nervous system is bidirectional, and T cells regulate neuronal function in the central and peripheral nervous systems. For instance, meningeal T cells secrete IL-4 to trigger brain derived neurotrophic factor (BDNF) production to enhance neurogenesis in the brain (Ziv et al., 2006). In an inflammatory skin disease model, Th2 cells trigger itch by secretion of IL-31, which binds to its receptor on sensory neurons, triggering calcium release, phosphorylation of ERK1/2 and activation of TRPA1 channel, driving neuronal activation and itch (Cevikbas et al., 2014).

Given the role of T cells in neuroimmune interactions, they likely have an important impact on the transition from acute to chronic pain. To identify the role of T cells in chronic pain, multiple pain models have been used, including models of nerve injury-induced neuropathic pain, inflammatory pain, and chemotherapy-induced peripheral neuropathy (CIPN). In this review, we will not discuss data collected from models of autoimmune disorders, such as multiple sclerosis, because the key role of T cells in autoimmunity itself makes it difficult to disentangle the specific role of T cells in pain in these models (Dendrou et al., 2015).



CONTRIBUTION OF T CELLS TO PAIN SENSITIVITY IN NAïVE ANIMALS

The contribution of T cells to pain can be evaluated by comparing pain-related behaviors in WT and T cell-deficient rodents. These animals often carry a genetic mutation in one of the genes involved in the rearrangement of the antigen receptor such as Rag1, Rag2, or Protein Kinase, DNA-Activated, Catalytic Subunit (Prkdc for severe combined immunodeficiency—SCID mice). Therefore, they lack the entire adaptive immune system (B and T cells). This lack of adaptive immune cells from birth may induce compensatory mechanisms and alter the innate immune cells and may even influence the neuronal circuitry (Filiano et al., 2016). On the other hand, the use of these transgenic animals is the cleanest way to deplete T cells preclinically. To critically evaluate the contribution of T cells, WT mice are compared to mice deficient for the whole adaptive immune system (simplified and referred to T-cell-deficient mice in this review) including the Rag1−/−, Rag2−/−, nude and SCID mice, as well as to mice reconstituted with specific populations of T cells (Figure 2).
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FIGURE 2. Reconstitution of T-cell-deficient mice. (A) Adaptive transfer of T cells from WT mice to T cell-deficient mice. (1) Lymphoid tissues such as the spleen, lymph nodes, or blood are collected from donor mice. (2) T cells or specific subsets of T cells are isolated using magnetic beads. (3) Selected T cells are injected into T-cell-deficient mice. (B) Evaluation of T cell contribution to pain. To attribute a pain phenotype to a function of T cells, the pain behavior in the immunodeficient mice must be different from the WT mice and reconstitution of the immunodeficient mice with T cells must normalize the pain response.



At baseline, T-cell-deficient rodents are indistinguishable from control counterparts in response to mechanical stimuli in at least 3 different mouse genetic backgrounds (CD1, BALB and C57) and athymic rats (Moalem et al., 2004; Cao and DeLeo, 2008; Costigan et al., 2009; Vicuña et al., 2015; Krukowski et al., 2016; Rosen et al., 2017; Laumet et al., 2019). Reconstitution of T cell-deficient rodents with any type of T cells also does not alter the baseline pain sensitivity in male and female mice. Only one publication reported increased pain sensitivity in male and female mice that lack the adaptive immune system (Rosen et al., 2019), and an important difference is that this study included up to 40 animals per group while previous studies that did not observe differences investigated 5–10 mice per group. These findings suggest that there may be a small but statistically significant difference in baseline pain sensitivity between WT and T-cell-deficient mice.



CONTRIBUTION OF T CELLS TO THE TRANSITION FROM ACUTE TO CHRONIC PAIN

The next paragraphs cover studies with male rodents unless otherwise indicated, and these data are summarized in Table 1 while the contribution to each CD4+ T cell subset is listed in Table 2. The potential role of sex differences is discussed at the end of this section. Advancing age is an important risk factor for chronic pain, and it is important to note that most of the studies discussed below were conducted in relatively young adult rodents.


TABLE 1. Pain hypersensitivity phenotypes in T-cell-deficient or T-cell-depleted rodents compared to WT or IgG-treated controls.
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TABLE 2. Contribution of each CD4+ T cell subsets to pain sensitivity.
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Nerve Injury-Induced Neuropathic Pain

In preclinical studies, neuropathic pain is usually induced by peripheral nerve injury through a surgical intervention (CCI, chronic constriction injury; SNI, spared nerve injury; SNL, spinal nerve injury; PSNL, partial sciatic nerve injury; SNT, spinal nerve transection).


Infiltration of T Cells Into the Nervous System Following Nerve Injury

Nerve injury generates an organized cascade of events to stimulate the inflammatory responses (Gadani et al., 2015). Immediately after injury, alarmins are released and glial cells surrounding the nerve are activated. In the following minutes, cytokines and chemokines are secreted, and neutrophils are recruited. Neutrophils are almost always the first peripheral immune cells to invade sites of injury. In hours to days, monocyte-derived macrophages will infiltrate the damaged nerve while T cells usually arrive days to weeks post-injury, first infiltrating the site of injury and distal part of the nerve, then the dorsal root ganglia (DRG, a cluster of the cell bodies of sensory neurons), and finally the dorsal horn of the spinal cord. Moalem et al. (2004) examined the kinetics of T cell infiltration of the sciatic nerve in response to CCI in rats. T cells were not observed in uninjured sciatic nerve (sham and contralateral nerve), and few T cells were detected at 3 days after injury. Significant T cell infiltration was observed at 7 days and peaked at 21 days at proximal (125 T cells/0.5 mm2 detected by anti-αβ TCR antibody) and distal sites of the injury (Moalem et al., 2004). Infiltrated T cells were still present at 40 days after injury (the last time point checked). This pattern is consistent with studies using different nerve injury models in rats and in mice, wherein few T cells were found at the site of injury at 3 days post-surgery and the number of T cells significantly increased from 7 to 28 days post-surgery (Cui et al., 2000; Kleinschnitz et al., 2006; Labuz et al., 2009; Austin et al., 2012; Kobayashi et al., 2015). T cells represented almost 10% of the infiltrating immune cells at 15 days after the injury (Labuz et al., 2009). Austin et al. (2012) reported 150–200 TCR+ cells/0.5 mm2 at the injury site at 28 days post-CCI.

Invading T cells may come from the circulation and are thought to penetrate the nerve from the endoneurial vasculature rather than migration across the nerve sheath (Eliav et al., 1999; Kobayashi et al., 2015). The infiltration of T cells appears to depend on phagocytic cells, as depletion of these cells using clodronate-liposome treatment prevented the infiltration of CD4+ T cells, suggesting that previous infiltration of innate immune cells is necessary for T cells to infiltrate the injured nerve.

Naïve DRGs lack a tight blood-nerve barrier and contain a low number of both CD4+ and CD8+ T cells (Austin et al., 2012; Liu et al., 2014; Vicuña et al., 2015; Krukowski et al., 2016). In contrast to the circulation, where 65%–70% of T cells are CD4+, in DRG 60%–70% are CD8+ T cells, indicating a regulated infiltration (McLachlan and Hu, 2014; Krukowski et al., 2016). The number of T cells increases in the DRG in response to both spinal and sciatic nerve injury (Hu and McLachlan, 2002; Austin et al., 2012; Du et al., 2018). Similar to the nerve, the number of T cells at 3 days post-surgery was not different between sham and injured DRGs but starts to increase after 7 days. The number of T cells increased 4–6 times at 28 days after nerve injury and persisted for at least 12 weeks (Hu and McLachlan, 2002). Interestingly, in this model, the T cells invading the DRG were mostly CD4+, inducing a switch in the CD4+/CD8+ ratio (McLachlan and Hu, 2014). The route taken by T cells to infiltrate into the DRG is still unknown. They possibly come from blood vessels or from the DRG and spinal meninges, specifically at the subarachnoid angle (Hu and McLachlan, 2002). Using IHC and lymphadenectomy approaches, a recent study demonstrated that after SNI, CD4+ T cells from lumbar lymph nodes begin migrating into the dorsal root leptomeninges to invade the DRG of the injured axons (Du et al., 2018). The lumbar sympathetic chain may be required for this migration (Hu and McLachlan, 2002; McLachlan and Hu, 2014), and lumbar DRG-invading T cells, mostly CD4+, are drained by the sciatic lymph node (McLachlan and Hu, 2014).

T cells are hardly detectable, if at all, in the spinal cords of naïve animals. However, as has been proposed for the brain, it is possible that T cells penetrate the CNS parenchyma but only in very small number and for a very short time, making them virtually undetectable (Kipnis et al., 2012). In response to injury, T cells may migrate into the spinal cord through the leptomeninges to reach the cerebral spinal fluid (CSF) as they infiltrate the dorsal root leptomeninges following nerve injury or in autoimmune disease (Schläger et al., 2016; Du et al., 2018). With immunostaining approaches, several studies observed the presence of CD4+ T cells in the dorsal horn of the spinal cord after PSNL, SNI and SNT (Cao and DeLeo, 2008; Costigan et al., 2009; Leger et al., 2011). However, even in these models, the number of T cells in the spinal cord stays very low. Flow cytometry experiments confirmed the presence of CD4+ T cells in the spinal cord at 7 days after nerve injury (Cao and DeLeo, 2008). In the SNT model, the phenotypes of infiltrated CD4+ cells are T-Bet+, IFNγ+, TNF-α+, and GM-CSF+, GATA3- or IL-4-, suggesting a Th1 phenotype (Draleau et al., 2014). The specific combination of adhesion molecules expressed in the spinal cord facilitates the infiltration of α4β1 integrin-expressing immune cells. Among T cells, Th1 cells have higher expression of α4β1, rendering them more likely to infiltrate the spinal cord than other T cell subsets (Rothhammer et al., 2011). In contrast, another study using staining with anti-CD2 to label all T cells and anti-CD8 to identify this specific subset did not observe T cell infiltration in the dorsal horn spinal cord from day 2 to 42 post-SNI (Gattlen et al., 2016). Thus, there are conflicting reports as to whether and how subsets of T cells enter the spinal cord in response to pain or injury, and further studies in this area will be critical.

In healthy conditions, T cells are virtually absent of the brain parenchyma but are present in the surrounding meninges (Kipnis et al., 2012). To our knowledge, the potential infiltration of T cells into brain areas associated with pain has not been investigated.



Contribution of T Cells to Nerve-Injury Induced Pain Hypersensitivity

The contribution of T cells to chronic pain can be investigated in WT mice by depletion or neutralization of T cells with antibodies. Administration of anti-CD4 antibody to deplete mice of functional CD4+ T cells, starting 4 days before surgery, reduced pain sensitivity following PSNL (Kobayashi et al., 2015). Repetitive intrathecal injections of anti-αβ-TCR antibody to deplete mice of all functional αβ T cells starting at 3 days post-SNI alleviated mechanical pain hypersensitivity as well. Interestingly, mechanical allodynia returned once the treatment was terminated and T cells may have repopulated the mouse (Du et al., 2018). One of the pioneer studies to use T cell-deficient animals (athymic rats) investigated the contribution of T cells to neuropathic pain induced by CCI. Nude rats developed reduced thermal and mechanical pain hypersensitivity compared to WT following CCI (Moalem et al., 2004). Reconstitution of athymic nude rats with IFNγ and IL-2 producing Th1 cells restored the pain behavior, while reconstitution with Th2 cells producing the anti-inflammatory cytokines IL-10, IL-4 and IL-13 further reduced thermal pain sensitivity after CCI (Moalem et al., 2004). In mice, a first investigation found that Rag1−/− mice developed similar mechanical pain but reduced thermal pain hypersensitivity after CCI compared to WT mice (Kleinschnitz et al., 2006). Another study reported that mechanical allodynia was completely prevented in Rag1−/− mice following SNI (Costigan et al., 2009). Reconstitution of T-cell-deficient mice with T cells (as done with athymic rats previously) is a necessary experiment to attribute the observed effects to the lack of T cells, as Rag1−/− mice also lack B cells. This issue has been addressed by Cao and Deleo, as they observed that nude mice have reduced pain sensitivity after SNT and reconstitution of nude mice with CD4+ T cells restored pain hypersensitivity (Cao and DeLeo, 2008). Further, the aggravating effect of T cells on neuropathic pain was confirmed in Cd4−/− mice (Cao and DeLeo, 2008). Similar findings were obtained using Rag2−/− mice, which did not develop mechanical pain hypersensitivity after SNI surgery. The authors confirmed that Rag2−/− mice reconstituted with T cells behave like WT mice in response to SNI (Vicuña et al., 2015). Taken together, these studies indicate a detrimental role for T cells in chronic pain induced by nerve injury. However, there are a few publications showing that SCID and Rag1−/− mice developed mechanical allodynia like WT mice in both sexes in response to nerve injury (Sorge et al., 2015; Rosen et al., 2017). A comparison of the infiltration of T cells and the development of pain hypersensitivity after CCI, PSNL, or complete axotomy, found that while all axotomized rats developed pain hypersensitivity, only one third of rats with CCI and PSNL showed allodynia. However, T cells infiltration was observed in the three models and there was no relation between numbers of infiltrating T cells in peripheral nerves and development of allodynia (Cui et al., 2000). In addition, in most publications, the pain hypersensitivity does not correlate with T cell infiltration, as maximal intensity of pain is observed before infiltration and recruitment of T cells. It remains unclear how T-cell-deficient mice are fully protected from SNI (Costigan et al., 2009; Vicuña et al., 2015) while T cells start infiltrating the damaged somatosensory system only several days after injury. These data may suggest an alteration of the early immune response to nerve injury in Rag1−/− and Rag2−/− mice owing to the impact of T cells on the homeostasis of the innate immune cells.

Treg cells are a particularly interesting subset because they inhibit T cell proliferation and cytokine production. In PSNL-treated mice, injection of anti-CD25 antibody depleted Treg cells in the spleen and lymph nodes and prolonged mechanical pain hypersensitivity (Austin et al., 2012). Targeting CD25 is not specific to the elimination of Treg cells since other immune cells (e.g., monocytes and activated T cells) express CD25 as well. In order to achieve a more effective and specific depletion of Tregs, the same group took advantage of the DEREG mice. DEREG stands for DEpletion of T-REG cells, and in this mouse model, the human diphtheria toxin receptor is expressed under the control of the Foxp3 promoter. When these mice are treated with diphtheria toxin, the Foxp3+ (Treg) cells are specifically depleted. Flow cytometry confirmed Treg depletion, and an increase in CD4+ effector T cells was also observed. Following diphtheria toxin treatment, the DEREG mice showed enhanced mechanical allodynia in response to CCI, with neither the contralateral paw nor the WT mice affected by diphtheria toxin administration (Lees et al., 2015). Thus, Tregs appear to play a protective role in pain after nerve injury.




Infiltration of T Cells in Diabetic Painful Neuropathy Model

In a model of diabetes type I peripheral neuropathy induced by injection of streptozotocin, T cells infiltrated the DRG at a very late stage. Significant presence of T cells in the DRG was not detected before 19 weeks post-injection, although mechanical pain and spontaneous pain were evidenced earlier (from 8 weeks post-injection; Agarwal et al., 2018). Interestingly, peripheral nerves from patients with diabetic neuropathy showed massive T cell infiltration of the endoneurial and epineurial compartments. In diabetic patients (type I and II) with peripheral neuropathy, approximatively 25 times more CD3+ T cells were counted per section in sural nerve biopsies compared to control patients. The infiltrated T cells were mostly CD8+ T cells and CD25+ cells, an indication of CD4+ or CD8+ Treg (Younger et al., 1996). However, the contribution of T cells to diabetic painful neuropathy has not been investigated yet.



Contribution of T Cells to Chemotherapy-Induced Peripheral Neuropathy (CIPN)

CIPN is a common side effect of cancer treatment and is often associated with pain. The role of T cells in CIPN has been studied in models of systemic injection of chemotherapeutic agents such as paclitaxel, cisplatin, or oxaliplatin. In a model of paclitaxel-induced neuropathic pain, Liu reported that intrathecal anti-CD8 reduced mechanical allodynia on day 5 and 6 after paclitaxel. This study also showed that intrathecal injection of CD8+ T cells worsened pain hypersensitivity, while injection of Treg cells briefly reduced mechanical allodynia (Liu et al., 2014). These effect might result from the specific route of injection used here, as T cells are not present (or are at a very low level) in the spinal cords of control and CIPN animals (Janes et al., 2015; Denk et al., 2016; Gattlen et al., 2016; Krukowski et al., 2016), in contrast to the experimental autoimmune encephalomyelitis (EAE) model in which a substantial infiltration of T cells is observed in the spinal cord (Rothhammer et al., 2011; Duffy et al., 2019). These beneficial and detrimental effects of Treg and CD8+ T cells, respectively, were not reproduced in transgenic mice. Treg depletion, using the DEREG mice, did not affect pain hypersensitivity after oxaliplatin (Makker et al., 2017). In CIPN induced by either paclitaxel or cisplatin, Rag1−/− or Rag2−/− female and male mice develop mechanical allodynia with similar intensity to WT mice. Strikingly, the resolution of chemotherapy-induced mechanical allodynia was significantly delayed in the absence of T cells (Krukowski et al., 2016; Laumet et al., 2019). Reconstitution with CD8+, but not CD4+, T cells restored the resolution of mechanical allodynia (Krukowski et al., 2016). While most studies cited above focus only on evoked-pain behaviors, our studies showed that the absence of T cells also impairs the resolution of spontaneous pain assessed by conditioned place preference, and reconstitution with CD8+ T cells normalized the resolution of spontaneous pain (Laumet et al., 2019).

Interestingly, the adoptive transfer of CD8+ T cells into T-cell-deficient mice after CIPN had fully developed failed to promote resolution of pain (Laumet et al., 2019). These findings indicate that the CD8+ T cells have to be exposed to cisplatin in order to be capable of promoting resolution of CIPN. In other words, the CD8+ T cells need to be “educated” to acquire the capacity to promote resolution of CIPN by exposure to cisplatin. In support of this idea, adoptive transfer of CD8+ T cells from cisplatin-treated WT mice did indeed promote resolution of established CIPN in Rag2−/− mice. This T cell education appears to be independent of antigen recognition by the TCR because reconstitution of Rag2−/− mice with CD8+ T cells with mutated TCRs that recognize and respond only to one irrelevant antigen (chicken ovalbumin) retained the capacity to induce CIPN resolution (Laumet et al., 2019). Interestingly, the neuroprotective effects of T cells after brain trauma was also independent of antigen recognition by the TCR (Walsh et al., 2015).



Contribution of T Cells to Inflammatory Pain

Inflammatory pain is modeled by injection of Complete Freund’s adjuvant (CFA), formalin, or other inflammatory agents into the paw. In response to intraplantar CFA injection, immune cells (CD45+) infiltrate the paw. T cells represented 2%–4% of infiltrated immune cells, and their percentage remain unchanged over in the first 96 h (Rittner et al., 2001) but showed significant increases after 7 days that are maintained for at least 14 days (Ghasemlou et al., 2015). After CFA, the severity of mechanical allodynia was identical in WT and in five different strains of T-cell-deficient mice (nude, Tcrb−/−, Tcrd−/−, Rag1−/− and Rag2−/−; Ghasemlou et al., 2015; Sorge et al., 2015; Laumet et al., 2016, 2019; Petrović et al., 2019). These data indicate that inflammatory pain hypersensitivity in the CFA model develops independently of T cells. While the onset and severity of inflammatory allodynia are similar between WT and T-cell-deficient mice, several independent studies reported that the resolution of mechanical allodynia was significantly delayed in T-cell-deficient mice (Boué et al., 2011, 2012; Basso et al., 2016; Laumet et al., 2016). Reconstitution of Rag1−/− or Rag2−/− mice with WT T cells normalized resolution of CFA-induced mechanical allodynia. Similar findings were obtained after intraplantar injection of IL-1β (Kavelaars lab, unpublished data). The pain behavior in response to formalin was worsened in nude mice compared to WT, and reconstitution of nude mice with CD4+ T cells normalized their response to formalin in both sexes (Rosen et al., 2019). In the antigen- and collagen-induced models of arthritis, CD8+ T cell depletion worsened the pain hypersensitivity (Baddack-Werncke et al., 2017), while in a postsurgical pain model, no alteration in thermal and mechanical hypersensitivity was reported in Tcrb−/− and Tcrd−/− mice compared to WT mice (Ghasemlou et al., 2015; Petrović et al., 2019). The lack of contribution of γδ T cells to inflammatory pain induced by plantar incision was reported in both sexes (Petrović et al., 2019), and these mice deficient in γδ T cells have a normal pattern of αβ T cells. In conclusion, the existing literature indicates that, in inflammatory pain models, T cells are beneficial or neutral to the pain phenotype.



Contribution of T Cells to Sex Differences in Pain Signaling

Like most of the preclinical research in pain (Mogil, 2012), the role of T cells has been almost exclusively studied in male rodents, but recent evidence suggests that T cells may contribute to sex differences in pain signaling. Key studies in this area showed that inhibition of microglia relieved nerve injury-induced pain only in male mice (Sorge et al., 2015; Taves et al., 2016; Luo et al., 2018). Critically, this sex difference disappeared in T-cell-deficient mice (Rag1−/− and nude mice; Sorge et al., 2015; Mapplebeck et al., 2018). Moreover, a beneficial role of T cells became apparent when comparing pregnant WT and T-cell-deficient mice. In late pregnant WT mice, CFA- and SNI-induced allodynia are suppressed, but this does not happen in T-cell-deficient mice (Rag1−/− and nude mice). Adoptive transfer of CD4+ T cells restored pregnancy analgesia (Rosen et al., 2017). T cells are also responsible for the reduced morphine analgesia observed in female mice, and this sex difference in morphine analgesic sensitivity was restored by adoptive transfer of male CD4+ T cells to female nude mice (Rosen et al., 2019). Notably, however, no sex difference was observed in the contribution of CD8+ T cells to CIPN resolution (Laumet et al., 2019). In summary, these data indicate complex interactions between T cells and sex in pain signaling, although the physiology of these interactions remains to be uncovered.




TARGETING T CELLS FOR THE TREATMENT OF CHRONIC PAIN

Accumulating literature indicates that T cells contribute to the transition from acute to chronic pain. While in nerve injury models T cells are mostly detrimental, they are mostly beneficial in models of inflammatory pain and CIPN. A potential explanation for this apparent discrepancy may be in the T cell subsets engaged. As mentioned above, Th1 cells are more likely to increase pain, while Th2, Treg, and CD8+ T cells are protective. This would mean that two potential therapeutic strategies can be developed: (i) blocking the pain promoting functions and/or subsets of T cells; and (ii) enhancing the beneficial effects and/or subsets of T cells.


Potential Mechanisms Underlying the Pain Increasing Effects of T Cells

The pain promoting effect of T cells may result from amplification of neuroinflammation (Figure 3). For example, it has been proposed that Th1 and Th17 cells facilitate macrophage infiltration in the damaged nerve and DRG (Kleinschnitz et al., 2006; Kobayashi et al., 2015). In the spinal cord, Cd4−/− mice showed less astrocyte activation at 14 days after SNT (Draleau et al., 2014). In the injured nerve, the infiltrated T cells (Th17 cells) produce IL-17, and this may contribute to microgliosis via stimulation of the IL-17 receptors expressed on microglia (Kleinschnitz et al., 2006). Consistent with this model, inhibition of IL-17 signaling reduced microgliosis, mechanical allodynia, and paw flinches associated with bone cancer pain (Huo et al., 2019).
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FIGURE 3. Effects of T cells on chronic pain. T cells can both suppress and promote chronic pain. T cells release a variety of mediators such as pro- and anti-inflammatory cytokines, endogenous opioids, and proteases to regulate pain either via a direct effect on pain sensing neurons or indirectly via modulation of neuroinflammation.



In addition to cytokines, T cells produce the serine protease leukocyte elastase (LE, encoded by the gene Elane). LE is released by infiltrated T cells in the DRG after SNI, and it activates matrix metalloprotease 9 (MMP9) which facilitates neuropathic pain (Ferry et al., 1997; Ji et al., 2009). To assess the critical role of LE-producing T cells in neuropathic pain, Vicuña et al. (2015) reconstituted Rag2−/− mice with T cells from WT or Elane−/− mice and monitored their pain sensitivity following SNI. The lack of LE in the T cells prevented the development of neuropathic pain.

Following nerve injury, infiltrated CD4+ T cells in the dorsal horn of the spinal cord are often associated with increased pain (Cao and DeLeo, 2008; Costigan et al., 2009; Leger et al., 2011). Therefore, a potential therapeutic strategy may be to target the infiltration of the CD4+ T cells into the spinal cord. Repurposing drugs that have been developed to block the infiltration of T cells in the central nervous system in multiple sclerosis may be an attractive strategy to treat neuropathic pain induced by nerve injury. FTY720, a drug used to treat multiple sclerosis, sequesters T cells in the lymph nodes and prevents the infiltration of the nervous system. After PSNL, FTY720-treated mice showed less mechanical and thermal pain sensitivity compared to vehicle-treated mice (Kobayashi et al., 2015). An important caveat is that FTY720 may also reduce pain by mechanisms independent of T cell sequestration (Doyle et al., 2019). Approaches based on blocking α4 integrin to prevent the infiltration of CD4+ T cells into the dorsal horn of the spinal cord are attractive as well (Yednock et al., 1992; Rothhammer et al., 2011), though such antibodies have not yet been tested in chronic pain models. An alternative way to prevent the infiltration of pathogenic CD4+ T cells into the DRG and spinal cord is through surgical sympathectomy (McLachlan and Hu, 2014; Du et al., 2018). Surgical sympathectomy is effective at alleviating neuropathic and inflammatory pain (Agarwal-Kozlowski et al., 2011; Iwase et al., 2012; Xie et al., 2016), but whether this pain relief resulted from blocking T cell infiltration is unknown.



Mechanisms Underlying the Beneficial Effect of T Cells

Recent studies indicate that T cells also promote the resolution of pain and prevent the transition from acute to chronic pain (Figure 3). The pathways triggered by T cells to resolve pain are not fully understood, but some mechanisms have been elucidated. The subsets of Treg cells, Th2 cells, and suppressor CD8+ T cells have been shown to reduce or resolve pain, and this is likely through their capacity to switch the milieu to an anti-inflammatory environment (Moalem et al., 2004; Austin et al., 2012; Lees et al., 2015; Baddack-Werncke et al., 2017). Importantly, promoting the anti-inflammatory activity of T cells can be achieved by activation of the anti-inflammatory reflex via electrical vagus nerve stimulation (Chakravarthy et al., 2015), suggesting a possible translational treatment.

Many neuroprotective and pain resolving effects of CD8+, Th2 and Treg cells could be recapitulated by IL-10 administration and are absent in mice lacking IL-10, pointing to IL-10 as a major player in the beneficial effects of T cells (Frenkel et al., 2005; Liesz et al., 2009; Xie et al., 2015; Krukowski et al., 2016; Laumet et al., 2018; Duffy et al., 2019). IL-10 alleviates inflammation and pain in various chronic pain models (Wagner et al., 1998; Plunkett et al., 2001; Eijkelkamp et al., 2016; Krukowski et al., 2016), and it is possible that T cells act through IL-10 production. However, it is also possible that T cells do not produce IL-10 themselves but induce other cells to synthesize and release IL-10 (Xin et al., 2011; Krukowski et al., 2016). Resolution of mechanical allodynia was similar in Rag1−/- reconstituted with WT or Il10−/− CD8+ T cells, indicating that CD8+ T cells were not the source of the IL-10 required for resolution of pain (Krukowski et al., 2016). Likewise, in models of nerve injury and inflammation-induced depression-like behavior, CD4+ and CD3+ T cells conferred neuroprotection and facilitated resolution by inducing IL-10 production from CNS-resident cells (Xin et al., 2011; Laumet et al., 2018). After spinal cord injury, Th1 cells secrete IFNγ to trigger IL-10 production by macrophages and microglia which will promote resolution of motor deficits (Ishii et al., 2013). Alternatively, in models of acute systemic inflammation, Treg secrete IL-13 to induce IL-10 production by IL-13R+ macrophages (Proto et al., 2018). Thus, how T cells induce the production of IL-10 to resolve pain is not yet understood.

In addition to cytokines, T cells release endogenous opioids to induce analgesia (Kavelaars et al., 1991; Kavelaars and Heijnen, 2000; Sitte et al., 2007; Labuz et al., 2010; Celik et al., 2016; Basso et al., 2018). Endogenous opioids can bind opioid receptors on sensory neurons to dampen pain signaling (Stein et al., 1990, 2003; Labuz et al., 2010). The mRNAs of proenkephalin (encoding the enkephalins) and proopiomelanocortin (encoding the endorphins) can be induced in T cells (Kavelaars et al., 1991; Kavelaars and Heijnen, 2000; Labuz et al., 2010; Boué et al., 2014; Basso et al., 2016). Ex vivo, T cells from mice immunized with ovalbumin in CFA produce up to seven time more proenkephalin Penk mRNA in response to antigen stimulation than naïve CD4+ T cells (Boué et al., 2011, 2012). In vivo, T cells have a critical role in stress-induced analgesia, which is known to be mediated by endogenous opioids. Restraint stress-induced analgesia was absent in athymic nude mice and reduced in WT mice after T cell depletion (Labuz et al., 2006; Rosen et al., 2019). The release of endogenous opioids by T cells during stress-induced analgesia was partly dependent on the receptor for corticotropin-releasing factor (CRF; Labuz et al., 2010). The analgesic effects of T cell-producing endogenous opioids have been investigated in models of chronic pain as well. Infiltrated T cells and other leukocytes in the damaged nerve produce and release opioid peptides (Labuz et al., 2009). Interestingly, while T cells may represent only 11% of infiltrated leukocytes in injured nerves, they constituted approximately 50% of opioid peptide-containing immune cells (Labuz et al., 2010). As mentioned above, pregnancy analgesia (reduced pain sensitivity in the SNI and CFA models in late pregnant mice) was absent in T-cell-deficient mice (Rag1−/− and nude) and was restored after adoptive transfer of T cells (Rosen et al., 2017). Rosen et al proposed that T cells promote pregnancy analgesia because they induce upregulation of the oprd1 expression (δ Opioid Receptor, δOR) in the spinal cord. Indeed, the lack of oprd1 impaired pregnancy analgesia (Rosen et al., 2017). Similarly, in the CFA model, δOR (but not μOR or κOR) antagonist blocked the endogenous analgesic effect of T cells (Boué et al., 2012). In chronic inflammatory pain models, both CD4+ and CD8+ T cells contribute to endogenous opioid-dependent analgesia and pain resolution (Boué et al., 2011, 2012, 2014; Baddack-Werncke et al., 2017). In contrast to WT T cells, adoptive transfer of T cells from Penk−/− mice did not induce resolution of CFA-induced allodynia, suggesting that T cells promote resolution of inflammatory pain by enkephalin release (Basso et al., 2016). Notably, T-cell-derived enkephalins increase the number of Th2 cells and reduced the numbers of Th1 and Th17 cells (Boué et al., 2014; Basso et al., 2018). These findings indicate that in addition to their direct analgesic effects, endogenous opioids released by T cells may also suppress pain via their anti-inflammatory effects.

Beside the role of T cells in endogenous analgesia, T cells play a role in pain relief induced by exogenous opioids. T-cell-deficient mice (Rag1−/−, nude and Cd4−/− mice) showed reduced morphine analgesia in the formalin and tail-withdrawal tests. Reconstitution with CD4+ but not CD8+ T cells restored morphine analgesia (Rosen et al., 2019). T cell-mediated endogenous analgesia is stimulated by administration of exogenous opioids, as T cells increase the production and release of endogenous opioids in response to exogenous opioid (Labuz et al., 2006; Boué et al., 2012; Celik et al., 2016; Figure 4). Finally, administration of synthetic opioid agonists in the damaged nerve produces analgesia which is dependent of infiltrated leukocytes [as mentioned above, 50% of opioid-producing leukocytes are T cells (Labuz et al., 2010)].
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FIGURE 4. Analgesia induced by T cells secreting endogenous opioids. Upon stimulation with CRF, cytokines or exogenous opioids, T cells release endogenous opioids (e.g.: enkephalins, β-endorphin). Endogenous opioids released by T cells bind opioid receptors (e.g.: μ- and δ-opioid receptors) on sensory neurons to induce analgesia. CRF, corticotropin releasing factor; OR, opioid receptors.





Reprogramming T Cells Toward a Pro-resolution Phenotype

There are a variety of potential pathways to promote a pro-resolution phenotype in T cells, many of which are sensitive to existing compounds. T cell subsets are not stable and can be “re-fated” upon appropriate stimulation. For example, Th17 cells naturally acquire an anti-inflammatory phenotype to then become IL-10-producing Tregs to resolve inflammation in various models of chronic inflammation (Gagliani et al., 2015). This plasticity presents an attractive therapeutic opportunity to switch pain promoting Th1 and Th17 cells to a phenotype that promotes resolution of pain and inflammation such as Treg or Th2 cells.

Glatiramer acetate (GA), a drug with good safety profiles and tolerability used to reduce the frequency of multiple sclerosis relapse, has immunomodulatory properties (Dhib-Jalbut, 2003; Arnon and Aharoni, 2004; Blanchette and Neuhaus, 2008). GA increased the number of IL-10-producing CD4+ T cells in the dorsal horn of spinal cord, reduced the activation of microglia, and alleviated allodynia in models of inflammatory and neuropathic pain (Sharma et al., 2008; Leger et al., 2011).

Experimentally, Treg response can be amplified by treatment with the superagonist of the B7 receptor for co-stimulation: CD28 (supCD28). In the CCI model, supCD28 administration expanded the number of Treg cells in the injured sciatic nerve and spinal cord. SupCD28-stimulated Tregs reduced the number of macrophages in the sciatic nerve and the DRG and decreased astrocyte and microglia activation in the spinal cord as well. SupCD28 did not affect the onset of CCI-induced mechanical allodynia but accelerated its resolution (Austin et al., 2012).

Another way to stimulate the pro-resolution T cell pathway could be via vaccination with CNS-restricted self-antigens (Schwartz and Moalem, 2001). After axotomy, immunization with myelin-derived peptide (myelin oligodendrocyte glycoprotein: MOG) stimulated neuron survival by recruiting autoreactive T cells to the site of injury (Moalem et al., 1999; Hauben et al., 2000a,b). The beneficial effects MOG immunization may rely on IL-10 producing CD4+ T cells (Frenkel et al., 2005). However, despite the high incidence of chronic neuropathic pain after nerve injury, the immunization strategy has not yet been tested in chronic pain models.

CD8+ T cells are mostly beneficial in animal models of inflammatory pain and CIPN (Krukowski et al., 2016; Baddack-Werncke et al., 2017). As described above, in order to resolve CIPN, CD8+ T cells need to be educated. Interestingly, adoptive transfer of educated CD8+ T cells before chemotherapy prevented the development of pain in response to cisplatin or paclitaxel treatment (Laumet et al., 2019). If we can develop ways to educate CD8+ T cells in vitro to promote resolution of pain, one could envision that CD8+ T cells from a patient with CIPN can be educated ex vivo to acquire a pro-resolution phenotype and be re-injected as an autograft to the same patient to treat CIPN (Figure 5).
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FIGURE 5. Education of CD8+ T cells by cisplatin and potential clinical translation. (A) Naïve mice are treated with cisplatin and allowed to recover from chemotherapy-induced peripheral neuropathy (CIPN). Now educated, CD8+ T cells are isolated and injected into T-cell-deficient mice. The recipient mice, reconstituted with educated CD8+ T cells, are now protected from CIPN (Laumet et al., 2019). (B) Potential future clinical applications of educated CD8+ T cells. T cells are collected from cancer patients before chemotherapy. It may be possible to educate T cells in ex vivo cultures to acquire a pro-resolution phenotype. Educated CD8+ T cells could then be re-injected to the same patient as an autograft which may protect the patient from CIPN.






FUTURE DIRECTIONS

The significant growth of our knowledge of the involvement of T cells in the transition from acute to chronic pain in the last few years highlights the complexity of its disparate beneficial and pain aggravating effects. In order to make further progress in our comprehension of the role of T cells in chronic pain, it is necessary to investigate other Th subsets (e.g., Th9 and Th22) and identify phenotypic profiles of T cells in patients suffering from chronic pain and CIPN as well as in animal models. These T cell profiles may be diverse, with specific features for different chronic pain conditions. Thus, identifying a T cell signature of chronic pain could inform the search for treatment targets for specific groups of patients. Alternatively, a recent study measured DNA methylation in circulating T cells at 9 months after peripheral nerve injury. The authors showed genome-wide changes in DNA methylation in circulating T cells. Intriguingly, these changes in the T cells methylome remarkably overlapped (72%) with the DNA methylation modifications in the prefrontal cortex (Massart et al., 2016). Nerve injury reprograms DNA methylation in the peripheral and central nervous systems, and these changes in DNA methylation are linked with pain hypersensitivity and comorbid depression-like behavior (Tajerian et al., 2013; Garriga et al., 2018). Thus, assessing epigenetic changes in circulating T cells may provide a non-invasive window to uncover epigenetic modifications in the peripheral and central nervous systems associated with chronic pain.

In addition to identifying potential biomarkers, targeting T cells offers the potential to develop disease-modifying therapy. The development of T cell-based therapy would have the potential to not only dampen neuroinflammation but also promote repair and permanent recovery from chronic pain. An important issue for the development of T cell-based therapy for chronic pain is the recognition of antigens by the TCR. Whether T cells need to recognize an antigen for their beneficial or detrimental effects on pain is an open question. We demonstrated that CD8+ T cells do not need to recognize a specific antigen to induce resolution of CIPN (Laumet et al., 2019). In contrast, T cells do need to recognize an antigen to facilitate the release endogenous opioid to alleviate inflammatory pain (Boué et al., 2011, 2012). The potential requirement of antigen recognition for resolution of pain would influence how we could engineer T cells to treat chronic pain. Additionally, signaling molecules (e.g., chemokines) that recruit T cells and their cellular source are of great interest as well, as they represent another attractive therapeutic target. Pharmacological modulation of chemokine signaling may allow us to selectively attract pro-resolution T cells to the site of injury and block the infiltration of pathological pain promoting T cells.

It is interesting to point out that T cells also contribute to the resolution of depression-like and anxiety-like behaviors (Cohen et al., 2006; Lewitus et al., 2009; Brachman et al., 2015; Clark et al., 2016; Laumet et al., 2018), two disorders that are frequently co-morbid with chronic pain. Thus, a dysfunctional T cell-mediated endogenous resolution system may be the link between chronic pain and its psychiatric comorbidities, and a thorough understanding of the role of T cells may help resolve not only chronic pain, but also comorbid mental disorders.
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Oral cancer patients report severe function-induced pain; severity is greater in females. We hypothesize that a neutrophil-mediated endogenous analgesic mechanism is responsible for sex differences in nociception secondary to oral squamous cell carcinoma (SCC). Neutrophils isolated from the cancer-induced inflammatory microenvironment contain β-endorphin protein and are identified by the Ly6G+ immune marker. We previously demonstrated that male mice with carcinogen-induced oral SCC exhibit less nociceptive behavior and a higher concentration of neutrophils in the cancer microenvironment compared to female mice with oral SCC. Oral cancer cells secrete granulocyte colony stimulating factor (G-CSF), a growth factor that recruits neutrophils from bone marrow to the cancer microenvironment. We found that recombinant G-CSF (rG-CSF, 5 μg/mouse, intraperitoneal) significantly increased circulating Ly6G+ neutrophils in the blood of male and female mice within 24 h of administration. In an oral cancer supernatant mouse model, rG-CSF treatment increased cancer-recruited Ly6G+ neutrophil infiltration and abolished orofacial nociceptive behavior evoked in response to oral cancer supernatant in both male and female mice. Local naloxone treatment restored the cancer mediator-induced nociceptive behavior. We infer that rG-CSF-induced Ly6G+ neutrophils drive an endogenous analgesic mechanism. We then evaluated the efficacy of chronic rG-CSF administration to attenuate oral cancer-induced nociception using a tongue xenograft cancer model with the HSC-3 human oral cancer cell line. Saline-treated male mice with HSC-3 tumors exhibited less oral cancer-induced nociceptive behavior and had more β-endorphin protein in the cancer microenvironment than saline-treated female mice with HSC-3 tumors. Chronic rG-CSF treatment (2.5 μg/mouse, every 72 h) increased the HSC-3 recruited Ly6G+ neutrophils, increased β-endorphin protein content in the tongue and attenuated nociceptive behavior in female mice with HSC-3 tumors. From these data, we conclude that neutrophil-mediated endogenous opioids warrant further investigation as a potential strategy for oral cancer pain treatment.
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INTRODUCTION

Oral cancer patients report severe function-induced pain; patients experience impaired speech, swallowing, eating, and drinking (Bjordal et al., 2001) and severity is greater in females. We previously demonstrated a sex difference in the prevalence and severity of oral squamous cell carcinoma (SCC)-induced nociception (Scheff et al., 2018). Female mice with 4-nitroquinoline-1-oxide (4NQO)-induced oral SCC exhibited more orofacial nociceptive behavior compared to male mice (Scheff et al., 2018). Furthermore, infiltrating neutrophils contribute to decreased nociceptive behavior in male mice during early 4NQO-induced carcinogenesis through opioid-mediated endogenous anti-nociception (Scheff et al., 2018). Activation of opioid receptors on peripheral sensory nerves can produce anti-nociception (Stein et al., 1991, 2003; Mousa et al., 2007; Hua and Cabot, 2010). Clinical and preclinical evidence suggest that endogenous opioids can be released in local inflamed tissues to alleviate inflammatory hyperalgesia (Kapitzke et al., 2005; Iwaszkiewicz et al., 2013). A major source of opioid peptides in peripheral tissues is non-neuronal cells (Kapitzke et al., 2005); keratinocytes and immune cells contain and release met-enkephalin and β-endorphin (Stein et al., 1990; Khodorova et al., 2003; Smith, 2003; Slominski et al., 2011). Peripheral immune-mediated opioid anti-nociception is restricted to the inflammatory site without side effects in response to opioid receptor activation in the central nervous system (Kapitzke et al., 2005). We hypothesize that neutrophil recruitment could be exploited as a therapeutic approach to alleviate oral cancer pain in female mice.

In the early stage of inflammation, opioid-producing neutrophils comprise the majority of infiltrating immune cells (Rittner et al., 2001; Brack et al., 2004b). Oral cancer cells secrete hematopoietic growth factor granulocyte colony stimulating factor (G-CSF; Hayashi et al., 1995; Lee et al., 2013), which results in neutrophil infiltration into the cancer (Demetri and Griffin, 1991). Administration of recombinant G-CSF (rG-CSF) has been used clinically to increase the neutrophil count when treating chemotherapy- or radiotherapy-induced neutropenia (Dale, 2002; Lambertini et al., 2014). rG-CSF-generated neutrophils have the potential to secrete opioids and subsequently reduce nociceptive signaling. Chao et al. (2012) demonstrated that rG-CSF administration in rats with chronic nerve constriction injury alleviated mechanical allodynia and thermal hyperalgesia. rG-CSF-mediated increase in the recruitment of opioid-containing neutrophils was confirmed as the source for the anti-nociception (Chao et al., 2012).

To investigate whether rG-CSF increased neutrophil infiltration to the oral cancer microenvironment and alleviated oral cancer pain, we used two oral cancer pain mouse models: (1) an oral cancer pain model created by injecting supernatant from human oral cancer cell lines into the tongue; and (2) a human tongue xenograft cancer model created by injecting oral cancer cells into the tongue. The dolognawmeter assays (Dolan et al., 2010) were used to quantify a behavioral index (gnawing) of orofacial nociception in both models. rG-CSF treatment increased Ly6G+ neutrophil recruitment to the oral cancer microenvironment and reduced oral cancer-induced nociception in an endogenous opioid-mediated analgesic mechanism in a sex-dependent manner.



MATERIALS AND METHODS


Animals

Male and female adult (10–12 weeks, 20–30 g) C57BL/6 mice (Jackson Labs, Bar Harbor, ME, USA) were used for oral cancer supernatant experiments. The xenograft cancer model required adult nude athymic mice (Jackson Labs, Bar Harbor, ME, USA). Mice were maintained on a 12:12 h light cycle and were housed in temperature-controlled rooms with access to food and water. Researchers were trained under the Animal Welfare Assurance Program. Experimental procedures were approved by the New York University Institutional Animal Care and Use Committee and were conducted in line with the National Institutes of Health guidelines for the use of laboratory animals in research.



Cell Culture and Supernatant Collection

Oral cancer cell line, HSC-3 (JCRB, Sekisui Xenotech, Kansas City, KS, USA), was cultured in 10 cm2 cell culture dishes at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum and penicillin/streptomycin (50 U/mL). For collection of supernatant, the culture medium was changed to serum-free DMEM without phenol red (3 mL total volume) when cells reached 70%–80% confluency (1.5 × 106 cells) and cells were subsequently incubated for an additional 48 h. Cell culture supernatant was collected, centrifuged at 300× g to remove cell debris, and frozen at −20°C until needed. HSC-3 cell culture supernatant was collected from passage 8.



Dolognawmeter Behavior Assay

Dolognawmeters were used in parallel to quantify a behavioral index (gnawing activity) of orofacial nociception in mice (Dolan et al., 2010). Each mouse was placed in a cylindrical confinement tube. Two polymer dowels in series prevent the mouse from progressing forward in the tube. To escape the tube, the mice gnaw through the two dowels. Each dowel is connected to an electronic timer. The timers record the duration of gnawing required to sever the dowels. The outcome variable is the time required (gnaw-time) to sever the second dowel. Prior to the experimental trials, mice were trained for 10 sessions to acclimatize the animals to the dolognawmeter and to establish a baseline gnaw-time (the mean of the last three gnawing trials). Once the baseline gnaw-time measurements were established, drug/treatment injections were administered, followed by behavioral testing.



Conditioned Place Preference Assay

Conditioned place preference (CPP) to pain relief has been previously used to reveal underlying mechanisms of ongoing pain in several models including oral cancer pain (King et al., 2009; Chodroff et al., 2016). We determined whether synthetic met-enkephalin analog, DAMGO (3 μg/kg i.p.), produces CPP in mice with HSC-3 tongue xenografts. We performed a single trial CPP protocol on post-inoculation day (PID) 21 through 25. The 3-chamber CPP apparatus consists of two conditioning chambers with distinct tactile, visual, and olfactory cues, connected by a smaller neutral chamber that was brightly lit. The visual cues were horizontal stripe and dot wall papers. The tactile cues were smooth and rough flooring. The olfactory cues were strawberry and mint. White noise was played to provide background noise and block out any extraneous sounds. On the first day (PID 21, preconditioning) of the experiment, mice were introduced to the neutral chamber and allowed to explore all three chambers for 1 h. Baseline time spent in the chambers was measured using ANY-maze tracking software (Braintree Scientific, Braintree, MA, USA). Exclusion criteria included mice were spending <20% or >80% time in a chamber. Mice were assigned treatment-chamber pairings using a counterbalanced design for the following three consecutive days. On the second, third and fourth days (PID 22–24, conditioning), mice received i.p. injection of saline followed by confinement into the appropriate pairing chamber for 1 h, following which they were returned to their home cage. Four hours later, mice received i.p. injection of DAMGO (3 μg/kg, 50 μl) followed by confinement into the opposite pairing chamber for 1 h. On the fifth day (PID 25, testing), mice were once again allowed to freely explore the apparatus for 1 h. Time spent in each chamber was recorded by ANY-maze. The experimenter conducting the behavioral tests (IW) was blinded to the treatment groups.



Acute Supernatant Oral Cancer Pain Model

We developed a model of acute oral cancer pain by injecting cancer cell line supernatant into the tongues of mice. Under isoflurane general anesthesia, 50 μl injections of oral cancer (HSC-3) supernatant was administered into the anterior lateral tongue over a 5 s period. A 5 μg dose of rG-CSF was injected intraperitoneal (i.p.) 24 h prior to the supernatant injection to increase neutrophil infiltration in the tongue. The dose and route of administration for rG-CSF treatment was determined in a pilot study using 0.2 μg/mouse (low dose) and 5 μg/mouse (high dose) of rG-CSF and two different routes of administration: subcutaneous into the tongue (s.c.) and intraperitoneal (i.p.). An index of cancer-induced nociception was quantified with the dolognawmeter assay. Naloxone (500 μg/kg; Sigma Aldrich, St. Louis, MO, USA) was co-injected with HSC-3 cell culture supernatant for experiments designed to inhibit endogenous opioid-mediated analgesic signaling in response to rG-CSF treatment and oral cancer supernatant injection in female and male mice. Neutrophil infiltration in the tongue was measured with flow cytometry 24 h after the supernatant injection. The experimenter conducting the behavioral tests (RA) was blinded to the treatment groups.



Xenograft Oral Cancer Pain Model

We used the human tongue xenograft cancer mouse model to determine whether chronic rG-CSF treatment decreases oral cancer-induced nociception. Mice were inoculated with 1 × 105 HSC-3 cells in 30 μL of 1:1 DMEM and Matrigel into the anterior lateral portion of the tongue as previously described (Ye et al., 2018). Nociceptive behavior was measured twice per week using a dolognawmeter assay for the duration of the experiment. A 2.5 μg dose of rG-CSF was injected (i.p.) 24 h prior to the nociceptive behavior assessment to increase neutrophil infiltration in the tongue. Body weight was recorded once per week. Tongue tumor size was quantified at PID 38. The tongue was fixed in 10% neutral buffered formalin, bisected, paraffin-embedded with cut side down, and sectioned at 5 μm thickness through the entire block (about 50 sections). Average tumor area relative to total tongue area in the 1st, 10th, 20th, 30th and 40th section was quantified using hematoxylin and eosin (H&E) stain and ImageJ (NIH, Bethesda, MD, USA). The experimenters conducting the behavioral tests (RA) and tumor quantification (RA, RK) were blinded to the treatment groups.



Tongue Tissue Dissociation

Mouse tongues were harvested and dissociated as previously described (Scheff et al., 2018). Briefly, tongue tissue was dissected and minced in DMEM with antibiotics, collagenase-H (0.5 mg/mL; Sigma Aldrich, 34 units/mg), DNase (0.5 mg/mL) and 20 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), and then incubated at 37°C for 1 h. The tissue was then mechanically dissociated using a fire-polished pipette, washed twice with fresh DMEM containing antibiotics and HEPES, and resuspended in Ca2+/Mg2+ free phosphate buffered saline (Sigma Aldrich) containing 3% fetal bovine serum, 1 mM EDTA, and 0.02% sodium azide and filtered through a 40 μm cell strainer (Falcon brand, Fisher Scientific, Waltham, MA, USA).



Flow Cytometry

Flow cytometry was used to quantify immune cell subtypes in tongue tissue from female and male mice. The antibody panel and flow cytometry gating strategy were used as previously defined (Scheff et al., 2017). Within CD45+ hematopoietic cells, neutrophils and monocytes/macrophage were detected and quantified using antibodies specific to receptors expressed on each cell type. Single-cell suspensions were prepared and samples were incubated in rat anti-mouse purified CD16/CD32 to block nonspecific FC receptor binding. CD45 monoclonal antibody (mAb) conjugated with V450 dye (1:400; BD Biosciences Franklin Lakes, NJ, USA) was used to label all hematopoietic cells. To differentiate leukocyte subpopulations, we stained cell suspensions with fluorescently conjugated rat anti-mouse mAbs recognizing neutrophils (Ly6G, Cat# 561105, 1:500), monocytes/macrophages (CD11b, Cat# 561690, 1:1,000), and dendritic cells (CD11c, Cat# 561044, 1:250). The gating strategy for isolation of these populations was to first exclude dead cells in the population using propidium iodide (PI; Molecular Probes, Eugene, OR, USA). Of the recovered live cells, CD45+ immune cells were selected and then sorted into CD11b+ monocyte/macrophages/neutrophils and CD11c+ dendritic cells. CD11b+/c− immune cells were further sorted into CD11b+/Ly6G− and Ly6G+ to isolate monocyte/macrophages and neutrophils respectively. Viability was 70%–85%, as determined by PI staining. An average of 1.2 × 105 ± 7.2 × 103 live cells were recovered from each blood sample. An average of 3.8 × 104 ± 1.5 × 103 live cells were recovered from each tongue sample. Leukocytes from the spleen were used for compensation controls (i.e., correction of a signal overlap between emission spectra of different fluorochromes used). Data were acquired using a FACSCalibur (BD Biosciences) and analyzed using FlowJo software (Tree Star, San Carlos, CA, USA).



Fluorescence-Activated Cell Sorting (FACS)

Fluorescence-activated cell sorting (FACS) was used to collect Ly6G+ population of immune cells from dissociated tongue tissue treated with HSC-3 cell culture supernatant. Tongue tissue was dissected and dissociated in a manner similar to that used for flow cytometry. To isolate subpopulations, cells were stained with fluorescently conjugated rat anti-mouse mAbs: CD450 (1:400), CD11b (1:1,000), and Ly6G (1:500). PI was used to exclude dead cells. Neutrophils were defined as CD45+CD11b+Ly6G+. Forward and side scatter parameters were used to confirm the size and granularity of the CD45+CD11b+Ly6G+ population. Post-sort purity was >97%. FACS was performed on a three laser, 10 detector FACSAria cell sorter (BD Biosciences). Samples were sorted into RIPA buffer containing protease inhibitor cocktail for protein isolation.



Enzyme-Linked Immunosorbent Assay

The β-endorphin protein concentration was quantified in tongue tissue from female and male mice with HSC-3 tumors was compared to sham (matrigel alone) mice by enzyme-linked immunosorbent assay (ELISA; MyBioSource, Inc., San Diego, CA, USA). Frozen tissue (20–40 mg) was homogenized in the T-PER Reagent (Pierce Biotechnology, Inc., Rockford, IL, USA) and agitated for an additional 2 h at 4°C. Lysates were centrifuged at 16,000 rpm for 20 min. Cell culture supernatants were removed, aliquoted and protein concentrations were determined using a Bradford Assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). ELISA was run per the manufacturer’s instructions. The optical density of the standards and samples was read at 450 nm using a Model 680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).



Immunohistochemistry

Animals were euthanized via an overdose of inhaled isoflurane and perfused transcardially with 4% paraformaldehyde (PFA, Sigma Aldrich). Tongues were dissected, fixed in 10% neutral buffered formalin, bisected, paraffin-embedded with cut side down, and sectioned at 5 μm thickness through the entire block (about 50 sections). Slide containing the 20th section was selected for staining with anti-Ly6G antibody (Clone 1A8, 1:100, Biolegend, San Diego, CA, USA) by the New York University Langone Medical Center Histopathology Core. Immunoreactions were visualized with diaminobenzidine (DAB) horseradish peroxidase (HRP) substrate kit (Vector Laboratories) and counterstained with Hematoxylin. The sections were photographed using NIS Elements software, a Nikon Eclipse Ti microscope and 2.5× and 60× objectives.



Statistical Analysis

Analysis of variance (ANOVA) was employed to evaluate the difference between groups regarding sex and treatment. To adjust for multiple comparisons, the post hoc Holm-Sidak test statistic was employed. Statistical significance was set at p < 0.05. All statistical analyses were performed using Prism (version 8) statistical software (Graphpad Software Inc., La Jolla, CA, USA). Results were presented as mean ± standard error of the mean in box/scatter configuration to show the biological variability.




RESULTS


rG-CSF Treatment Increased Oral Cancer-Recruited Ly6G+ Neutrophils in the Tongue Microenvironment

To establish a mouse model that permitted assessment of rG-CSF-induced changes in Ly6G+ neutrophil infiltration during oral cancer, male and female mice were treated with rG-CSF to increase the percentage of circulating blood Ly6G+ neutrophils; the number of circulating Ly6G+ neutrophils in the blood was quantified with flow cytometry. Male and female mice treated with 5 μg rG-CSF (i.p.) exhibited significantly more Ly6G+ neutrophils in the blood 24 h after injection compared to mice treated with saline (Unpaired t-test, male: t = 5.368, P = 0.001; female: t = 2.9178, P = 0.022; Figure 1). There was no significant interaction between sex and treatment (two-way ANOVA, F(1,14) = 2.1, P = 0.163). We previously demonstrated that oral cancer-secreted mediators recruit neutrophils to the tongue cancer microenvironment (Scheff et al., 2017). We sought to determine whether rG-CSF treatment could amplify this effect. Twenty-four hours after rG-CSF treatment, male and female mice received HSC-3 culture supernatant (50 μl) or cell culture media (DMEM) injected into the tongue. The number of infiltrating Ly6G+ neutrophils in the tongue was quantified 12 h after supernatant injection (Figure 2A). Administration of rG-CSF treatment prior to HSC-3 supernatant injection (rG-CSF+HSC-3) produced a significant increase in Ly6G+ neutrophil recruitment compared to rG-CSF paired with cell culture media (rG-CSF+DMEM) in both male and female mice (one-way ANOVA, male: P = 0.001, female: P = 0.002; Figure 2B). We also found a significant increase in Ly6G+ neutrophils in male and female mice treated with rG-CSF+HSC-3 compared to mice that received saline paired with HSC-3 supernatant (saline+HSC-3; one-way ANOVA, male: P = 0.005, female: P = 0.014; Figure 2B). There was no significant interaction between sex and treatment (two-way ANOVA, F(2,24) = 0.294, P = 0.748). To determine if cancer-recruited neutrophils contain opioid protein, CD45+CD11b+Ly6G+ cells were isolated after rG-CSF+HSC-3 supernatant treatment from mouse tongues using FACS (Figure 2C). An average of 124,125 ± 10,092 Ly6G+ neutrophils were isolated from each tongue. β-endorphin protein was quantified in cancer supernatant-recruited neutrophils isolated from male and female mice (three samples/sex, each sample contained cells isolated from two mice). There was no significant difference in the quantity of β-endorphin protein detected in neutrophils isolated from male (2.50 ± 0.30 pg/mg) and female (1.97 ± 0.15 pg/mg) mice (Student’s t-test, P = 0.152; Figure 2D).
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FIGURE 1. Recombinant granulocyte colony stimulating factor (rG-CSF)-mediated mobilization of neutrophils was quantified using flow cytometry in adult C57Bl/6 mice. (A) Representative scatter plots showing CD11b+Ly6G+ neutrophils in cardiac blood of a naïve male mouse (top) and a female mouse (bottom) 24 h after treatment with saline (left) or rG-CSF (right). Histograms demonstrate the increase in circulating neutrophil after rG-CSF treatment. (B) Average Ly6G+ neutrophils quantification in cardiac blood from mice (N = 10) 24 h following a single treatment of rG-CSF (5 μg/mouse, i.p.) male (blue bars) and female (red bars) mice compared to saline treatment. Unpaired Student’s t-test, **P < 0.01.
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FIGURE 2. Oral cancer supernatant-induced immune infiltration was measured using the acute supernatant model. (A) Representative scatter plots showing CD11b+Ly6G+ neutrophils from the tongues of an adult C57Bl/6 male (top) and female (bottom) mouse 48 h after either rG-CSF treatment followed by cell culture media (rG-CSF+DMEM, solid bar), saline followed by HSC-3 cell culture supernatant (Saline+HSC-3, open bar), or rG-CSF treatment followed by HSC-3 cell culture supernatant (rG-CSF+HSC-3, striped bar). (B) Average Ly6G+ neutrophil quantification in the tongues of male (N = 10/group, blue bars) and female (N = 10/group, red bars) mice after treatment. One-way analysis of variance (ANOVA), **P < 0.01. (C) Representative gating strategy used to isolate cancer-activated tongue immune cells by fluorescence-activated cell sorting (FACS). (D) Quantification of mean β-endorphin protein in CD11b+Ly6G+ immune cell subpopulations from HSC-3 supernatant-treated male (blue, N = 5) and female mice (red, N = 5) relative to total protein. Sorted cells were pooled from two mice for each sample. Unpaired Student’s t-test, P > 0.05.





rG-CSF Treatment Abolished HSC-3 Supernatant-Induced Nociceptive Behavior via an Endogenous Opioid-Dependent Mechanism

An acute supernatant model was used to quantify oral cancer-induced nociceptive behavior in the absence of tumor burden and illness associated with carcinogenesis (Scheff et al., 2017). Baseline gnaw-times were established using the dolognawmeter. Mice received rG-CSF treatment followed by tongue injection of cell culture media (DMEM) or supernatant (Figure 3A). Nociceptive behavior of mice was assessed 1 h after cell supernatant injection. We found was no difference in gnaw-time between groups prior to treatment; therefore, data were analyzed as a percent change from baseline using two-way ANOVA. There was a significant interaction between time and treatment in both male and female mice (two-way ANOVA, male: F(6,42) = 5.025, P = 0.005, female: F(6,45) = 2.949, P = 0.016). HSC-3 supernatant injection yielded an increase in gnaw-time compared to baseline gnaw-time in both male (57.8 ± 9.1%) and female (82.5 ± 18.9%) mice (Holm-Sidak post hoc, males: = 0.034, females: P = 0.001; Figures 3B,C). Administration of rG-CSF 24 h prior to DMEM (rG-CSF+DMEM) had no effect on gnaw-time compared to baseline gnaw-time in both male (−4.01 ± 9.9%) and female (−0.18 ± 13.2%) mice (males: P = 0.998, females: P = 0.998; Figures 3B,C). Administration of rG-CSF followed by HSC-3 injection (rG-CSF+HSC-3) significantly limited the HSC-3 supernatant-induced increase in gnaw-time; there was a significant decrease in gnaw-time after supernatant injection compared to saline+HSC-3 treatment in both male and female mice (males: P = 0.0002, females: P = 0.021; Figures 3B,C).
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FIGURE 3. Supernatant-induced nociceptive behavior was measured using the acute supernatant model. (A) Schematic of the experimental timeline for an acute supernatant model. Male and female C57Bl/6 mice were trained for 4 weeks in the orofacial pain behavior device and assay (dolognawmeter) or until a steady baseline gnaw-time was reached. Three additional baseline trials were completed and mice underwent a single intraperitoneal injection (i.p.) of saline or 5 μg rG-CSF. Twenty-four hours after treatment, mice received either subcutaneous (s.c.) DMEM (rG-CSF+DMEM) or HSC-3 culture supernatant (saline+HSC-3, rG-CSF+HSC-3, N = 8/sex) into the tongue (50 μl) followed by assessment in the dolognawmeter (Post-Injection). A separate group of mice received either s.c. DMEM or HSC-3 cell culture supernatant co-injected with opioid receptor antagonist naloxone (saline+DMEM/naloxone, saline+HSC-3/naloxone, rG-CSF+HSC-3/naloxone, N = 5/sex) into the tongue (50 μl) followed by assessment in the dolognawmeter (Post-Injection). Orofacial nociceptive behavior data were analyzed as a percent change from the baseline gnaw-time prior to treatment. Supernatant-induced change in orofacial nociceptive behavior was measured in male (B,D) and female (C,E) mice and analyzed individually. Two-way ANOVA, *P < 0.05, **P < 0.01 by Holm-Sidak post hoc comparisons.



Peripheral opioid receptor antagonist (naloxone methiodide, 500 μg/kg) revealed an endogenous analgesic mechanism in male and female mice treated with rG-CSF. There was a significant interaction between time and treatment in both male and female mice (two-way ANOVA, male: F(9,66) = 4.575, P = 0.0001; female: F(9,66) = 3.347, P = 0.0019). In the absence of rG-CSF, naloxone co-injected with HSC-3 supernatant (saline+HSC-3/naloxone) evoked a significant increase in gnaw-time compared to saline+HSC-3 in male mice (P = 0.007) but not in female mice (P = 0.052; Figure 3D). After rG-CSF treatment, naloxone co-injected with HSC-3 supernatant (rG-CSF+HSC-3/naloxone) resulted in significantly longer gnaw-times in male mice compared to saline+naloxone (male: P = 0.035; Figure 3D). There was no significant difference between rG-CSF+HSC-3/naloxone and saline+HSC-3/naloxone treated male mice (P = 0.950, Figure 3D). Five female mice had significantly longer gnaw-time in response to saline+HSC-3 supernatant (P = 0.012) when compared to five female mice injected with DMEM/naloxone (Figure 3E). Co-injection with naloxone and HSC-3 supernatant was not significantly different from DMEM/naloxone injection in female mice treated with saline (P = 0.998) or rG-CSF (P = 0.998; Figure 3E).



Chronic rG-CSF Treatment Decreased Oral Cancer-Induced Nociception in Female Mice Only

We previously demonstrated that Ly6G+ neutrophils in the 4NQO-induced oral cancer microenvironment generate endogenous anti-nociception in male mice (Scheff et al., 2018). Neutrophils are present in the cancer microenvironment in the human xenograft HSC-3 mouse model of oral cancer (Ye et al., 2018). Using the HSC-3 xenograft mouse model, mice were treated with 2.5 μg rG-CSF 24 h prior to each behavior assessment beginning at PID 5. Consistent with our previous finding (Scheff et al., 2018), we found a significant interaction between time and sex in saline-treated mice (two-way ANOVA, F(14,224) = 2.664, P = 0.0013). Holm-Sidak post hoc analyses found that tumor-bearing female mice treated with saline had significantly longer gnaw times on PID 25 (P = 0.0239), 29 (P = 0.0460) and 32 (P = 0.0460) when compared to males. When considering rG-CSF treatment, we found a significant interaction between time, sex, and treatment; rG-CSF treatment significantly reduced oral cancer-induced nociceptive behavior in a sex-dependent manner over time (three-way ANOVA, F(14,462) = 2.216, P = 0.0067). There was no significant difference in gnaw-time between male mice treated with rG-CSF vs. male mice treated with saline (P = 0.865; Figure 4A). However, in tumor-bearing female mice, chronic rG-CSF treatment significantly reduced gnaw-time at PID 25 (P = 0.009), PID 29 (P = 0.022), and PID 32 (P = 0.011) compared to saline treatment (Figure 4B). HSC-3 xenograft tumor resulted in a decrease in body weight over time in both sexes (two-way ANOVA interaction, male: F(5,80) = 4.992, P = 0.0005; female: F(5,90) = 3.658, P = 0.005); however, there was no significant difference in cancer-induced loss of body mass between saline and rG-CSF treated groups at any time point (two-way ANOVA treatment, male: F(1,16) = 1.388, P = 0.256; female: F(1,18) = 0.330, P = 0.572; Figures 4C,D).
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FIGURE 4. HSC-3 xenograft-induced change in orofacial nociceptive behavior was measured in adult nude male (A) and female (B) mice receiving saline (N = 10, open circles) or rG-CSF treatment (2.5 μg/mouse, N = 10, closed circles) 24 h prior to each dolognawmeter measurement, as indicated by the black arrows. Sexes were independently analyzed. Two-way ANOVA, *P < 0.05, **P < 0.01. HSC-3 xenograft-induced weight loss was measured in male (C) and female (D) mice receiving saline (N = 10, open bars) or rG-CSF (2.5 μg/mouse, N = 10, closed bars) each week.





Chronic rG-CSF Treatment Decreased Oral Cancer-Induced Ongoing Nociception in Female Mice Only

In addition to function-related pain, we previously found a significant sex difference in reported intensity of spontaneous pain (Scheff et al., 2018). We used CPP assay (King et al., 2009) to test the hypothesis that rG-CSF treatment can alleviate spontaneous pain secondary to oral cancer in male and female mice. Pre-conditioning (baseline) times did not differ between the vehicle-paired chamber and the drug-paired chamber (P = 0.56), therefore data were pooled across groups for graphical representation (Figures 5A,B). There was a sex difference in DAMGO-induced CPP (three-way ANOVA, F(2,48) = 6.892, P = 0.002). Tumor-bearing male mice did not demonstrate DAMGO-induced CPP regardless of saline (P = 0.398) or rG-CSF treatment (P = 0.886). However, tumor-bearing female mice treated with saline displayed CPP for the chamber paired with DAMGO; significantly more time was spent in the DAMGO-paired chamber compared with pre-conditioning baseline time (P = 0.038) and post-conditioning time in the saline-paired chamber (P = 0.008; Figure 5B). rG-CSF treatment prior to conditioning abolished the DAMGO-induced preference in female mice; there was no difference in time spent in the DAMGO-paired chamber compared with the pre-conditioning time (P = 0.302; Figure 5B). Pre- and post-conditioning times for the saline (male: P = 0.917, female: P = 0.996) and DAMGO (male: P = 0.889, female: P = 0.959) paired chamber did not differ for the sham-treated mice (data not shown).
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FIGURE 5. Effect of oral cancer on conditioned place preference (CPP) to DAMGO. Mice were injected with HSC-3 cells into the tongue, habituated on day 21, conditioned with vehicle- and DAMGO (3 μg/kg)-paired chamber for 1 h on days 22–24 and tested for CPP on day 25. Mice received saline (N = 7/sex) or rG-CSF (2.5 μg/mouse, N = 5/sex) 12 h prior to conditioning. The time spent in each chamber was quantified in tumor-bearing male (A) and female (B) mice. For all of the CPP experiments, pre-conditioning data (Baseline HSC-3) was analyzed using two-way ANOVA (chambers vs. treatment). Statistical analysis for chamber preference before conditioning revealed no difference in the time spent in chambers between saline and rG-CSF-treated mice (P > 0.05), therefore baseline chamber data was pooled for graphical representation. Sexes were independently analyzed. Two-way ANOVA, *P < 0.05, **P < 0.01. (C) β-endorphin protein was quantified in homogenized tongue tissue from male (blue bars) and female (red bars) mice with HSC-3 xenograft tumors relative to total protein. Mice treated with either saline (N = 5/sex, open bars) or rG-CSF (N = 5/sex, closed bars). Two-way ANOVA, **P < 0.01.





Chronic rG-CSF Treatment Increased β-Endorphin Protein in the Oral Cancer Microenvironment in Female Mice Only

To determine whether rG-CSF treatment results in β-endorphin protein in the cancer microenvironment, we measured β-endorphin protein in homogenized tongue tissue from tumor-bearing male and female mice treated with saline or rG-CSF using an ELISA (Figure 5C). There was a significant interaction between sex and treatment (two-way ANOVA, F(1,16) = 9.488, P = 0.007). Tumor-bearing male mice treated with saline (0.52 ± 0.03 pg/mg) had significantly more β-endorphin protein in the tongue tissue compared to tumor-bearing female mice treated with saline (0.32 ± 0.01 pg/mg, P = 0.009). In addition, tumor-bearing female mice treated with rG-CSF (0.62 ± 0.05 pg/mg) had significantly more β-endorphin protein in the tongue tissue compared to tumor-bearing female mice treated with saline (0.32 ± 0.01 pg/mg, P = 0.0003, Figure 5C).



Chronic rG-CSF Treatment Increased Cancer-Recruited Ly6G+ Neutrophils in Female Mice Only

Chronic rG-CSF treatment increased oral cancer-recruited Ly6G+ neutrophils in female but not male mice with HSC-3 tumors (two-way ANOVA, F(1,23) = 5.098, P = 0.033; Figure 6). At PID 38, quantification of immune cells in the tongue revealed significantly more Ly6G+ neutrophil recruitment in HSC-3 tumors in female mice treated with rG-CSF compared to saline treatment (P = 0.0004). Tumor-bearing male mice treated with saline exhibited significantly more infiltrating Ly6G+ neutrophils compared to tumor-bearing females treated with saline (P = 0.0006). There was no effect of rG-CSF treatment on HSC-3 tumor Ly6G+ neutrophil recruitment in male mice (P = 0.5534). Tumor-bearing male mice exhibited a similar number of Ly6G+ neutrophils in the oral cancer microenvironment compared to tumor-bearing female mice treated with rG-CSF (Figure 6B). To confirm the identity of the Ly6G+ neutrophils, we performed immunohistochemistry on formalin-fixed tongue tissue containing HSC-3 xenograft tumors. Strong anti-Ly6G immuno-like reactivity using DAB HRP was present on the tumor borders in saline-treated male mice as well as rG-CSF-treated male and female mice. Magnification at 60× was used to confirm neutrophil presence based on multi-lobed nuclear morphology (Figure 6C). There was no significant interaction between rG-CSF treatment and sex regarding HSC-3 tumor size in mice (two-way ANOVA interaction, F(1,14) = 0.743, P = 0.403; Figure 7). However, there was a significant effect of treatment (two-way ANOVA, F(1,14) = 13.55, P = 0.003); HSC-3 tumor size was larger in rG-CSF-treated male compared to rG-CSF-treated female mice (Holm-Sidak t = 3.21, P = 0.0370; Figure 7B).
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FIGURE 6. HSC-3 xenograft-induced immune filtration was measured at post-inoculation day (PID) 38. (A) Representative scatter plots showing CD11b+Ly6G+ neutrophils from the tongue of adult male (top plots) and female (bottom plots) nude mice after chronic saline (left side) or rG-CSF (right side) treatment. (B) Average Ly6G+ neutrophil quantification in the xenograft tongues of male (blue bars) and female (red bars) mice after chronic saline (N = 6/sex) or G-CSF (N = 6/sex) treatment. Two-way ANOVA, **P < 0.001. (C) Immunohistochemical analysis of saline-treated (left) and rG-CSF (right) treated male (top) and female (bottom) mouse tongues. HSC-3 xenograft tumors were stained with Ly6G (1A8) in diaminobenzidine (DAB) and counterstained with hematoxylin. Magnification is 2.5× with 60× insert. Scale bar 500 μm (2.5×) and 20 μm (60×).
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FIGURE 7. HSC-3 xenograft tumor size was measured at PID 38. (A) Representative hematoxylin and eosin-stained sagittal tongue sections (100 μm from center) from male (top) and female (bottom) mice treated with either saline or rG-CSF. HSC-3 tumor is outlined in black dash line. (B) Tumor area relative to total tongue area after treatment with either saline (N = 5/sex) or rG-CSF (N = 5/sex) in male and female mice. Two-way ANOVA, *P < 0.05.






DISCUSSION

We and others show that women with oral SCC report more pain than men (Reyes-Gibby et al., 2014; Scheff et al., 2018). Human oral SCC produces and releases G-CSF resulting in neutrophil infiltration (Matsuo et al., 1994; Hayashi et al., 1995; Lee et al., 2013). Wang et al. (2014) show that the neutrophil density is higher in men with tongue SCC compared to women. Our previous investigation recapitulates the sex difference in pain and neutrophil infiltration; neutrophil-mediated anti-nociception inhibits nociceptive behavior during the early stage of 4NQO-induced carcinogenesis in male mice (Scheff et al., 2018). In the current study, we tested whether recruitment of neutrophils could be used to reverse oral SCC-induced nociception in female mice. We demonstrate sex-dependent endogenous anti-nociception via rG-CSF mediated neutrophil infiltration for the treatment of oral cancer pain.

We report a mechanism to explain the sex difference in oral cancer pain. Sex differences in endogenous anti-nociception may depend on hormonal regulation. Liu and Gintzler (2013) demonstrated spinal mu opioid receptor-mediated anti-nociception depends on circulating estrogen levels. Mogil et al. (1993) find that estrogen contributes to sex-dependent efficacy of naloxone during swim stress-induced analgesia. However, the molecular targets for estrogen in the peripheral nervous system relevant to opioid anti-nociception in oral cancer are not yet defined. Our previous clinical findings of increased cancer pain in females [mean age = 64.5 ± 14.4 (SD) years; Scheff et al., 2018] are consistent with results by Reyes-Gibby et al. (2014) who show that women with oral cancer report more pain than men across 2,340 subjects [mean age = 59 ± 11.7 (SD) years]; these reports demonstrate that postmenopausal women experience significant oral cancer pain suggesting that that mechanisms beyond the estrous cycle contribute to differences in oral cancer pain in men and women.

The underlying cause of the sex difference in neutrophil infiltration remains unidentified; however, gonadal hormones can regulate neutrophils. Estrogen affects the number of circulating neutrophils and neutrophil lifespan (Bouman et al., 2005). Studies using injury and burn rodent models report that testosterone potentiates, whereas estrogen limits calcium mobilization in neutrophils (Deitch et al., 2006). We did not find a sex difference in the number of neutrophils in the blood following rG-CSF treatment in naïve mice. This finding is in contrast to clinical findings in healthy volunteers; Schoergenhofer et al. (2017) identified more plasma neutrophil histone-complexed DNA in the men compared to women after a single of rG-CSF. Consistent with our previous reports in the 4NQO model (Scheff et al., 2018), there is a sex difference in neutrophil infiltration in saline-treated mice with HSC-3 tumors. We also report a sex difference in the efficacy of rG-CSF treatment to drive Ly6G+ neutrophil infiltration into the HSC-3 tumor. Chronic rG-CSF treatment in male mice did not increase neutrophil infiltration compared to saline treatment; however, in tumor-bearing female mice, chronic rG-CSF treatment resulted in Ly6G+ neutrophil count similar to that found in saline-treated male mice with HSC-3 tumors. One possibility is that maximum neutrophil infiltration has been reached in tumor-bearing male mice and additional recruitment by way of rG-CSF is not physiological. Orofacial nociceptive behavior in saline-treated male mice and rG-CSF-treated female mice with HSC-3 tumors is similar suggesting comparable neutrophil-mediated endogenous anti-nociception present in the cancer microenvironment.

Clinical and preclinical data support the role of rG-CSF for anti-nociception (Brack et al., 2004a; Chao et al., 2012; Ozkaraman et al., 2017). Administration of rG-CSF increases neutrophil count to treat chemotherapy- or radiation-induced neutropenia in patients (Zeidler et al., 2003). In a chronic constriction injury rat model, neutrophils recruited to the site of inflammation following rG-CSF treatment release opioids and alleviate thermal hyperalgesia and mechanical allodynia (Chao et al., 2012). We find that a single rG-CSF treatment produces a significant decrease in nociceptive behavior in response to oral cancer supernatant in both male and female mice. Local naloxone restored supernatant-evoked nociceptive behavior in the presence of rG-CSF. We infer from this result that infiltrating Ly6G+ neutrophils in response to rG-CSF treatment are a source of opioid-mediated anti-nociception. Neutrophils secrete opioids in response to inflammatory mediators (Schafer et al., 1994; Rittner et al., 2006; Iwaszkiewicz et al., 2013; e.g., corticotropin-releasing factor, interleukin-1β, and CXCL8) and sympathetic neurotransmitter, norepinephrine (Binder et al., 2004). We find that tumor-bearing female mice treated with rG-CSF have more β-endorphin protein in the tongue tissue compared to tumor-bearing female mice treated with saline. These findings are consistent with Liou et al. (2011) who reported that rG-CSF administered subcutaneously increased opioid content in the injured nerve up to 14 days after partial sciatic nerve injury. Administration of rG-CSF did not affect nociceptive behavior in naïve animals suggesting that neutrophils do not secrete large amounts of opioids in normal circulation.

There are three limitations to our experimental approach. First, we did not investigate and compare opioid receptor expression in male and female mice during oral carcinogenesis in the peripheral nervous system. Endogenous opioids bind to μ- (MOR), δ- (DOR), and κ-opioid receptor (KOR; Kieffer and Evans, 2009). Sexual dimorphism in opioid receptor density is present in the peripheral nervous system; inflammation induced by cytokines or complete Freud’s adjuvant generated significant upregulation of MOR expression in the trigeminal ganglia of male but not female rats (Zhang et al., 2014). A second limitation in our study is the lack of further characterization of neutrophils induced by rG-CSF treatment. Neutrophils in the tumor microenvironment can have a pro-tumor (N2) phenotype capable of supporting tumor growth (Uribe-Querol and Rosales, 2015); depletion of N2 neutrophils decreased lung tumor growth (Fridlender et al., 2009). We find that male mice treated with rG-CSF have larger tumors compared to female mice treated with rG-CSF, despite comparable Ly6G+ neutrophil presence in the tongue. Further classification of the rG-CSF-induced tumor-associated neutrophils is necessary to understand the implications of increased neutrophil presence in the oral cancer microenvironment. The third limitation of our work is we did not assess the possible side effects of rG-CSF treatment. G-CSF receptors are broadly expressed on sensory and sympathetic neurons and may modulate tumor-nerve interactions (Schweizerhof et al., 2009; Lambertini et al., 2014; Dobrenis et al., 2015).

Our experimental findings reveal that rG-CSF treatment could hold promise as a future therapeutic approach to oral cancer pain. Our results demonstrated that rG-CSF treatment increases oral cancer-mediated neutrophil infiltration and attenuates oral cancer nociceptive behavior in mouse models. Our results also corroborate sex differences in oral cancer nociceptive behavior and in neutrophil infiltration in the oral cancer microenvironment. We infer from our results that female patients might benefit more from rG-CSF administration because females have fewer neutrophils infiltrating the cancer microenvironment than males.
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TIMP-1 Attenuates the Development of Inflammatory Pain Through MMP-Dependent and Receptor-Mediated Cell Signaling Mechanisms
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Unresolved inflammation is a significant predictor for developing chronic pain, and targeting the mechanisms underlying inflammation offers opportunities for therapeutic intervention. During inflammation, matrix metalloproteinase (MMP) activity contributes to tissue remodeling and inflammatory signaling, and is regulated by tissue inhibitors of metalloproteinases (TIMPs). TIMP-1 and -2 have known roles in pain, but only in the context of MMP inhibition. However, TIMP-1 also has receptor-mediated cell signaling functions that are not well understood. Here, we examined how TIMP-1-dependent cell signaling impacts inflammatory hypersensitivity and ongoing pain. We found that hindpaw injection of complete Freund’s adjuvant (CFA) increased cutaneous TIMP-1 expression that peaked prior to development of mechanical hypersensitivity, suggesting that TIMP-1 inhibits the development of inflammatory hypersensitivity. To examine this possibility, we injected TIMP-1 knockout (T1KO) mice with CFA and found that T1KO mice exhibited rapid onset thermal and mechanical hypersensitivity at the site of inflammation that was absent or attenuated in WT controls. We also found that T1KO mice exhibited hypersensitivity in adjacent tissues innervated by different sets of afferents, as well as skin contralateral to the site of inflammation. Replacement of recombinant murine (rm)TIMP-1 alleviated hypersensitivity when administered at the site and time of inflammation. Administration of either the MMP inhibiting N-terminal or the cell signaling C-terminal domains recapitulated the antinociceptive effect of full-length rmTIMP-1, suggesting that rmTIMP-1inhibits hypersensitivity through MMP inhibition and receptor-mediated cell signaling. We also found that hypersensitivity was not due to genotype-specific differences in MMP-9 activity or expression, nor to differences in cytokine expression. Administration of rmTIMP-1 prevented mechanical hypersensitivity and ongoing pain in WT mice, collectively suggesting a novel role for TIMP-1 in the attenuation of inflammatory pain.
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INTRODUCTION

Tissue inhibitors of matrix metalloproteinases (TIMPs) and matrix metalloproteinases (MMPs) are released during tissue damage to facilitate tissue remodeling through degradation and reorganization of the extracellular matrix (ECM) (Gardner and Ghorpade, 2003; Nagase et al., 2006; Ries, 2014). During this process MMPs also engage an inflammatory response through proteolytic maturation of cytokines, and both of these activities are regulated through a 1:1 stoichiometric interaction with one of four tissue inhibitors of metalloproteinases (TIMP-1, -2, -3, -4) (Huang et al., 2011). The interaction between MMPs and TIMPs is tightly controlled, but research has shown that during tissue damage, imbalance between MMPs and TIMPs can lead to pathological conditions such as arthritis, multiple sclerosis, Parkinson’s Disease, cancer, and even chronic pain (Nakagawa et al., 1994; Nagase et al., 1999; Kouwenhoven et al., 2001; Yang et al., 2002; Brew and Nagase, 2010). Studies examining the role of MMPs in pain specifically have shown that increased MMP-2 and -9 activity contribute to increased pain-related behavior in response to injury that can be reversed by MMP antagonism (Kawasaki et al., 2008; Ji et al., 2009; Li et al., 2016; Remacle et al., 2018). These findings contributed, in part, to the development of several small molecule drugs that directly target and inhibit MMP activity. However, more than 50 clinical trials examining the efficacy of these drugs were discontinued due to the emergence of adverse events, including musculoskeletal pain (Cathcart and Cao, 2015; Martinho et al., 2016). While the results of these trials indicated that specific targeting of MMP activity alone is not an effective strategy for pain treatment, they also suggest that additional mechanisms related to MMP activity may contribute to pain and its inhibition, and that endogenous inhibitors of MMPs, such as TIMP-1, may attenuate pain-related behavior.

TIMP-1 is best characterized as an inhibitor of MMP activity. Indeed, TIMP-1 regulates 14 of the 24 known MMPs (Baker et al., 2002; Gardner and Ghorpade, 2003; Nagase et al., 2006; Kawasaki et al., 2008), and has been shown to prevent the development of mechanical and thermal hypersensitivity following nerve damage (Kawasaki et al., 2008; Martinho et al., 2016). However, this identified role was characterized purely in the context of MMP inhibition. TIMP-1 inhibits MMP activity through the binding of its N-terminus with the targeted MMP, resulting in chelation of Zn2+ from the enzyme active site (Gomis-Rüth et al., 1997). Interestingly, there is now mounting evidence that the C-terminal domain can bind to membrane bound receptors, including CD63 (Nagase et al., 2006). The binding of TIMP-1 to CD63 engages intracellular signaling events that allow TIMP-1 to function as a trophic factor and initiate cellular migration and differentiation (Gardner and Ghorpade, 2003; Jourquin et al., 2005; Thorne et al., 2009; Moore and Crocker, 2012; Claycomb et al., 2013). Because TIMP-1 and MMPs can be up-regulated simultaneously during tissue damage and repair, such as in peripheral nerve injury (Parkitna et al., 2006; Huang et al., 2011; Kim et al., 2012; Yokose et al., 2012), disentangling how TIMP-1 regulates tissue remodeling/repair from the induction of pain, per se, is challenging.

Inflammation is a core component of the nerve injury process (Tracey and Walker, 1995), and, in general, is a significant predictor of pain chronicity (Tal, 1999; Kehlet et al., 2006; Chapman and Vierck, 2017). Therefore, we used a model of cutaneous inflammation to examine the effects of TIMP-1 signaling on pain in the absence of frank tissue damage. We found that hindpaw injection of complete Freund’s adjuvant (CFA) induced TIMP-1 expression in keratinocytes prior to the emergence of hypersensitivity in wildtype (WT) mice. Behavioral assessment of the role of TIMP-1 in inflammatory hypersensitivity demonstrated that TIMP-1 knockout (T1KO) mice exhibited robust hypersensitivity to stimulation of tissues local and distal to the site of inflammation that was prevented by administration of full length and truncated constructs of recombinant murine (rm)TIMP-1. These results also suggested that cell-signaling mechanisms may also contribute to the antinociceptive effects of TIMP-1. Finally, we found that the administration of rmTIMP-1 prevented ongoing inflammatory pain and evoked mechanical hypersensitivity in WT mice, collectively suggesting that TIMP-1 regulates the algogenic properties of inflammation and that TIMP-1 may be a target for improving pain management.



MATERIALS AND METHODS


Animals

Experiments were conducted using 8–12-week-old (20–30 g) male WT (C57BL/6; Jackson Laboratories, Bar Harbor, ME) and T1KO mice that were group housed (4 mice/cage), and maintained in a temperature-controlled environment on a 12 h light-dark cycle with free access to food and water. TIMP-1 knockout (T1KO) mice (Lee et al., 2005) were backcrossed onto a C57BL/6 background for greater than 13 successive generations and bred in-house as a homozygous line (Crocker et al., 2006). All studies were approved by the UConn Health Institutional Animal Care and Use Committee and treated in accordance with published NIH standards.



Complete Freund’s Adjuvant (CFA)

To produce an acute, local inflammatory response, we subcutaneously (s.c.) injected the right hindpaw of mice with a diluted emulsion of CFA (1:1 in sterile H2O; 10 μL vol; Sigma, St. Louis, MO). To assess primary hypersensitivity (i.e., at the site of inflammation) we administered CFA into the glabrous skin or ventral surface of the right hindpaw. Conversely, secondary hypersensitivity was assessed in hairy skin that was adjacent or contralateral to the site of inflammation. All samples were compared to naïve controls because in a pilot experiment we found that vehicle injection alone caused increased sensitivity in T1KO mice (Supplementary Figure S1). While this result is interesting and suggests that subtle perturbations cause robust alterations in sensory thresholds, adding saline-treated mice confounds our ability to examine inflammatory hypersensitivity. Therefore, to interpret the effects of inflammation per se, naïve mice were used as comparison controls. The literature is also mixed on the use of vehicle controls in experiments using CFA, and our experiments are in line with previously published work (Allchorne et al., 2005; Jankowski et al., 2012; Imbe and Kimura, 2017).



Recombinant Murine TIMP-1 Administration

WT and T1KO mice received injections (s.c.) of recombinant murine (rm)TIMP-1 (10 ng/μL, 10 μL; R&D Systems; Minneapolis, MN) immediately following CFA injection (10 μL) into the right hindpaw. In subsequent experiments, T1KO mice received equimolar concentrations of the truncated C-terminus peptide (TIMP-1(C); 6.3 kDa; Peptide 2.0 Inc., Chantilly, VA) that retains cell signaling function or the truncated N-terminus peptide (TIMP-1(N); 20 kDa; Abcam, Cambridge, United Kingdom) that retains MMP-inhibitory function and no cell-signaling ability, immediately following CFA injection.



von Frey Testing

All mice were place into transparent Plexiglas chambers (radius = 32 mm, height = 108 mm) on an elevated mesh screen and were allowed to acclimate for a minimum of 1 h before testing. To assess mechanical sensitivity, the plantar surface of the right hindpaw was stimulated using von Frey filaments using the up-down method previously described (Dixon, 1980). Nocifensive responses were counted as robust flexion responses, paw shaking, or paw licking and subtracted from individual baseline threshold to account for inter-subject variability. Data are presented as paw withdrawal thresholds (PWT; in grams).



Thermal Hyperalgesia

Thermal hyperalgesia to radiant heat was assessed using a Hargreaves apparatus (Harvard Apparatus; Holliston, MA) (Hargreaves et al., 1988). Briefly, all mice were placed in transparent Plexiglas chambers (radius = 32 mm, height = 108 mm) on top of a framed glass panel and were allowed to acclimate for a minimum of 1 h before testing. Following the acclimation period, an infrared (IR) beam was aimed at the plantar surface of each hindpaw in an alternating fashion. The intensity of the IR beam was chosen to produce average baseline paw withdrawal latency (PWL) of 15–20 s. Stimuli were presented 5 times in an alternating fashion between each hindpaw with 5 min intervals between successive stimulus exposures. A 30 s exposure cutoff was employed to prevent tissue damage. PWLs collected from each paw were then averaged and analyzed.



Conditioned Place Preference

Conditioned Place Preference (CPP) was used to assess ongoing pain in WT mice. A 3-day single trial protocol was used. On day 1, all mice freely explored a 3-chamber CPP box for 15 min prior to injection with CFA or saline. Preconditioning (baseline) behavior was analyzed using automated software (ANYMAZE, Stoelting) to ensure there were no baseline differences in the time spent in any of the chambers. On day 2 (conditioning day), all mice received an intrathecal (i.t.) injection of saline (5 μL volume) under isoflurane anesthesia and upon waking (within 2 min) were confined into the pre-assigned pairing chamber for 30 min. They were then returned to their home-cages for 4 hr. All mice then received an intrathecal (i.t.) injection of clonidine (2 μg/μL; 5 μL volume) through lumbar puncture and upon waking were confined to the opposite pairing chamber for 30 min. Vehicle and clonidine paired chambers were randomly assigned and counterbalanced between animals. On day 3 (test day), mice were returned to the CPP apparatus and allowed to freely explore all chambers across 15 min. The total time spent in each chamber was assessed using automated software (ANYMAZE). Conditioning day was 20–24 h following CFA injection as previous research indicates ongoing pain is observed at this time-point (Okun et al., 2011; He et al., 2012). A total of 17 mice were used, 8 were treated with rTIMP-1 and 9 with vehicle.



Tissue Collection

Mice were anesthetized with a lethal dose of ketamine and xylazine mixture (90/10 mg/kg, respectively) and intracardially perfused with ice cold 0.9% saline prior to the dissection and collection of tissues. Tissues were collected following the completion of behavior or at designated time-points for molecular analysis.



Enzyme-Linked Immunosorbent Assay

Protein was extracted from L2-L3 spinal cord, DRG and hairy skin and homogenized in ice-cold RIPA buffer/protease inhibitor cocktail and spun for 20 min at 4°C at 18,000 rcf. L2-L3 DRG were collected for analysis because axons from these DRG comprise the saphenous nerve, which innervates the hairy skin of the hindpaw, the site of CFA injection (McIlwrath et al., 2007; Lawson et al., 2008; Jankowski et al., 2009; Zimmermann et al., 2009; Vrontou et al., 2013; Laedermann et al., 2014). Each sample’s total protein concentration was determined using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The following Enzyme-Linked Immunosorbent Assay (ELISAs), TIMP-1 (R&D Systems, Minneapolis, MN), MMP-9 (R&D Systems; Minneapolis, MN), IL-6 (Invitrogen Carlsbad, CA), TNF-α (Thermo Fisher Scientific, Waltham, MA), IL-10 (Thermo Fisher Scientific, Waltham, MA), and IL-1β (R&D Systems, Minneapolis, MN) were run according to manufacturer’s instructions. All samples were run in duplicate and absorbance ratios were read at 450 nm.



Immunohistochemistry

Hairy skin, glabrous skin, and DRG from WT mice were excised and incubated in 0.06% brefeldin A (BFA) in serum free Hank’s balanced salt solution (HBSS) for 20 min at room temperature. Half of the samples were incubated in inflammatory soup (IS) (10uM; bradykinin triacetate, histamine dihydrochloride, serotonin hydrochloride, prostaglandin E2 dissolved in normal cerebral spinal fluid, pH 6.0) or serum-free media (Kessler et al., 1992; Hachisuka et al., 2016). Incubation in IS or serum-free media occurred for 24 h (Kessler et al., 1992). Spinal cords from inflamed or naïve WT mice were isolated 24 h following CFA treatment or from designated naïve controls. Prior to tissue collection, mice were intracardially perfused with 0.06% BFA in 0.9% saline for 20 min and then perfused with 4% paraformaldehyde. All samples were post-fixed overnight in 4% paraformaldehyde (PFA), cryoprotected overnight in 30% sucrose, and later embedded in Optimal Cutting Temperature (OCT). Samples were cut into 30 μm cross sections using a cryostat. Tissue sections were briefly washed with sterile phosphate buffered saline (PBS) and incubated with staining buffer (0.05% triton and 30% fetal bovine serum in PBS) solution for 40 min at room temperature. Slices were then incubated with primary unconjugated antibodies for 48 h at 4°C. The following primary antibodies were diluted in staining buffer: monoclonal anti-mouse cytokeratin 14 (K14; Abcam, Cambridge, United Kingdom; 1:300 dilution), polyclonal anti-goat TIMP-1 (R&D Systems; Minneapolis, MN; 1:300 dilution), monoclonal anti-mouse microtubule-associated protein 2 (MAP2; Millipore Sigma, Burlington, MA; 1:1000 dilution), and monoclonal anti-mouse primary conjugated-cy3 glial fibrillary acidic protein (GFAP; Abcam, Cambridge, United Kingdom; 1:500 dilution). Tissue slices were then incubated with secondary antibodies for 2–3 h at 4°C. The following secondary antibodies were diluted in staining buffer: polyclonal rabbit anti-mouse Alexa-488 (Life Technologies, Carlsbad, CA, 1:000), polyclonal donkey anti-goat Alexa-568 (Life Technologies, Carlsbad, CA,1:000), and polyclonal goat anti-mouse Alexa-568 (Life Technologies, Carlsbad, CA; 1:1000 dilution). Slides with DRG and spinal cord slices were incubated with 300 μm DAPI prior to cover-slipping to visualize nuclei of satellite glial cells and astrocytes, respectively.



MMP-9 Colorimetric Activity

Protein was extracted from the hindpaw of WT and T1KO mice 1 day post-CFA injections (s.c., 10 μL) or from designated naïve controls for a high throughput screening of MMP-9 activity. Gelatinase activity was measured using the SensolyteGeneric MMP colorimetric assay kit (Anaspec, Fremont, CA) according to manufacturer’s instructions. Samples were run in duplicate and end-point enzymatic activity was analyzed using a glutathione reference standard.



RT-qPCR

Total RNA was extracted from hairy skin collected from naïve and inflamed WT and T1KO mice 1 day following CFA injection using a RNeasy Mini Kit (Qiagen, Venlo, Netherlands). To quantify cutaneous TIMP-2 and TIMP-4 mRNA expression, equal amounts of cDNA were synthesized using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA) and mixed with SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA) and 2 μM of both forward and reverse primers (see Table 1). GAPDH was amplified as an internal control. The threshold crossing value was noted for each transcript and normalized to the internal control. The relative quantitation of each transcript was performed using the ΔΔCt method (Livak and Schmittgen, 2001) and presented as fold change relative to naïve WT expression.

TABLE 1. Primer sequences for qPCR.
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Statistical Analysis

All data were analyzed using one-way or mixed designs Analysis of Variance (ANOVA). Post hoc analyses were performed using Tukey’s HSD, and statistical significance was determined using a p < 0.05. Statistical analysis was performed using SPSS (Version 25). Since ANOVAs rely on linear relationships among data, and not all effects can be resolved using linear based statistical tests, we used trend analyses (e.g., contrasts) to test for significant non-linear relationships in some of our behavioral analyses. An added benefit of this approach is that trend analyses are more robust than ANOVAs (Tabachnick and Fidell, 2007). Clonidine induced CPP was assessed using a 2-way repeated measures ANOVA with post hoc analysis of pre- vs. post- conditioning time spent in the clonidine paired chamber for each treatment group using Sidak’s multiple comparisons test. Between groups analysis was performed on difference scores calculated as post-conditioning (–) pre-conditioning time spent in the clonidine paired chamber.




RESULTS


Cutaneous TIMP-1 Expression Is Upregulated Prior to the Onset of Inflammatory Hypersensitivity

To determine whether cutaneous inflammation alters the expression of TIMP-1 in tissues along the peripheral sensory circuit, we injected diluted, emulsified CFA (10 μL, s.c.) into the hairy skin of the ipsilateral hindpaw and collected spinal cord (SC; L2-L3), dorsal root ganglia (DRG; L2-L3), and hairy skin over the course of 7 days. As described in section “Materials and Methods,” L2-L3 DRG were collected for analysis because the axons projecting from these DRG form the saphenous nerve, which innervates hindpaw hairy skin (McIlwrath et al., 2007; Lawson et al., 2008; Jankowski et al., 2009; Zimmermann et al., 2009; Vrontou et al., 2013; Laedermann et al., 2014). We found that inflammation did not alter the overall expression of TIMP-1 protein in SC or DRG, all Fs > 1.13, p > 0.05 (Figures 1A,B). However, we observed a significant increase in cutaneous TIMP-1 protein 1, 3, 5, and 7 days following CFA administration, F(4,19) = 37.54, p < 0.01 (Figure 1C). To confirm the above results, and to localize the cellular source of TIMP-1 expression, immunohistochemistry (IHC) was performed on DRG and skin samples incubated in vitro with or without inflammatory soup (IS) (Kessler et al., 1992), as well as spinal cords following in vivo inflammation. Because TIMP-1 is a releasable protein and, consequently, difficult to image, we utilized in vitro incubation of DRG and skin with IS to enhance our ability to capture TIMP-1 colocalization with markers of other cell types. Although overall TIMP-1 expression levels were unaltered in the spinal cord and DRG following inflammation, we found that TIMP-1 co-localized with glial fibrillary acidic protein (GFAP) expressing cells following inflammatory stimulation, suggesting that astrocytes (Figure 2A) and satellite glial cells (Figure 2B) appear to express TIMP-1 during inflammation (Huang et al., 2011; Welser-Alves et al., 2011). We also found that TIMP-1 expression was upregulated in K14-positive keratinocytes in both hairy and glabrous skin following inflammatory stimulation (Figure 2C; glabrous skin data not shown).


[image: image]

FIGURE 1. Assessing TIMP-1 expression along peripheral nociceptive circuit following cutaneous inflammation. (A) Cutaneous inflammation does not alter overall TIMP-1 protein expression in lumbar spinal cord or (B) DRG, but does increase protein expression in panel (C) hairy skin. n = 4/condition, ∗ indicate significant differences compared to naïve controls, p < 0.05, and error bars depict SEM.
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FIGURE 2. Cellular colocalization of TIMP-1 expression. (A) Immunostaining (20×) of naïve and inflamed lumbar spinal cord 24 h following inflammation. TIMP-1 (green) expression is localized to GFAP-positive astrocytes (red). n = 3/condition, scale bar 20 μm. (B) Immunostaining (20×) of naïve and inflamed lumbar DRG 24 h following inflammation. TIMP-1 (green) expression is colocalized with by GFAP-positive satellite glial cells (red). n = 3/condition, scale bar 20 μm. (C) Immunostaining (40×) of hindpaw hairy skin shows K14-positive keratinocytes (red) upregulate TIMP-1 (green) 24 h following inflammation compared to naïve control. n = 3/condition, scale bar 50 μm.



To associate the expression of cutaneous TIMP-1 with the development of mechanical hypersensitivity, we assessed PWT on the plantar surface of the hindpaw for 7 days following CFA injection into the dorsal, hairy skin. We found that TIMP-1 protein levels peaked 3 days following CFA administration (see Figure 1C), at a time when mice developed mechanical hypersensitivity, F(2,12) = 43.94, p < 0.05, (Figure 3). Together, these data indicate that cutaneous inflammation induces the expression of TIMP-1 in keratinocytes at the time of inflammation and prior to the onset of mechanical allodynia.
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FIGURE 3. Development of inflammatory hypersensitivity in WT mice. Assessment of mechanical hypersensitivity over 7 days following s.c. administration of CFA. Inflamed mice show a significant reduction in mechanical thresholds relative to naïve mice 3 days following inflammation (n = 6/condition). ∗ indicate significant differences compared to naïve controls, p < 0.05, and error bars depict SEM.





Mice Lacking TIMP-1 Exhibit Hyperalgesia in Inflamed and Uninflamed Cutaneous Tissues

To determine whether endogenous TIMP-1 expression is important for the normal progression of hypersensitivity, we used a global TIMP-1 knockout (T1KO) mouse strain. We first assessed behavioral responsiveness to radiant heat on the plantar surface of the hindpaw following s.c. administration of a diluted, emulsified CFA solution. We chose to use a diluted CFA solution because our preliminary experiments suggested that exposure to slight challenges significantly altered sensitivity in T1KO. To ensure that any potential differences in responding to inflammatory stimulation were not due to preexisting differences in sensory thresholds between mouse strains, we measured baseline responding to radiant heat and found no significant differences in PWL, F(1, 31) = 0.47, p > 0.05 (Figure 4A). Interestingly, while we did not observe any significant differences in PWL between naïve and WT mice that received diluted (e.g., subthreshold) CFA, we did find that inflamed T1KO mice exhibited thermal hyperalgesia that persisted for 29 days in response to diluted CFA injection, all Fs < 2.30, p < 0.05 (Figure 4B).
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FIGURE 4. Mice lacking TIMP-1 develop thermal and mechanical hypersensitivity following cutaneous inflammation. (A) No differences in baseline thermal PWL are exhibited between T1KO and WT mice (n = 16/condition). (B) Inflamed T1KO mice exhibit significantly reduced PWLs compared to inflamed WT mice and naïve WT and T1KO mice (n = 8/condition). (C) Baseline assessment of mechanical PWTs revealed no genotypic differences between T1KO (n = 20) and WT mice (n = 18). (D) T1KO mice develop significantly reduced PWTs 1, 5, and 7 days following CFA administration compared to WT controls (n = 8–10/condition). ∗ = signficantly different from mice in all other conditions, p < 0.05, and error bars depict SEM.



Next, we assessed mechanical response thresholds (von Frey) following diluted CFA administration. Analysis of baseline responses to mechanical stimulation did not reveal any significant differences between genotypes F(1, 36) = 0.34, p < 0.05 (Figure 4C). We did find that CFA administration reduced mechanical response thresholds in both genotypes F(1, 34) = 17.61, p < 0.01. However, T1KO mice exhibited greater mechanical hypersensitivity 1 day following CFA treatment, compared to WT controls, all Fs < 4.59, p < 0.05 (Figure 4D). Therefore, we concluded that the up-regulation of TIMP-1 following inflammation delays the onset of hypersensitivity, and that in the absence of TIMP-1, the normal development of hypersensitivity is altered.

To determine whether the rapid emergence of inflammatory hypersensitivity in T1KO mice was due to compensatory expression of Timp2 or Timp4 mRNA, we examined cutaneous expression of each transcript in naïve and inflamed T1KO mice. We focused on Timp2 and Timp4 expression because, TIMP-2 and -4 are soluble extracellular protease inhibitors that also share functional similarities with TIMP-1. TIMP-3, by contrast is quite different from the other TIMPs and is insoluble, tethered to the extracellular matrix, and is a more effective inhibitor of membrane-bound MMPs that extracellular MMPs. Moreover, prior studies have documented some role for TIMP-2 in pain (Ji et al., 2009), and TIMP-4 is known to inhibit MMP-2 and -9 (Ahmed et al., 2011; Grünwald et al., 2018), which also have identified roles in pain (Ji et al., 2009). Conversely, little is known about how TIMP-3 directly contributes to pain development or maintenance. Analysis of Timp2 and Timp4 expression revealed no significant differences in the basal expression of either transcript in WT or T1KO mice. However, Timp2 and Timp4 expression decreased in T1KO mice following inflammation (Figures 5A,B), suggesting that genetic deletion of TIMP-1 did not result in a compensatory response from other TIMPs, all Fs < 11.65, p < 0.01.
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FIGURE 5. Assessment of cutaneous Timp2 and Timp4 mRNA expression following inflammation. (A) Timp2 mRNA expression is decreased in T1KO mouse skin 1 day following inflammation relative to WT controls. (B) Timp4 mRNA expression is decreased 1 day following CFA compared to WT inflamed mice. n = 4/condition, ∗ indicate significant differences compared to naïve controls, p < 0.05, and error bars depict SEM.



Our current data demonstrate that cutaneous TIMP-1 is an early emergent protein following inflammation, and that the absence of TIMP-1 alters the normal development of hypersensitivity. Therefore, TIMP-1 signaling may have important implications for regulating the development of inflammatory hypersensitivity in tissue adjacent to the site of inflammation that is innervated by afferent terminals that are different from those that innervate inflamed skin. To test this possibility, we assessed the development of hypersensitivity in the glabrous skin following injection of diluted CFA into hairy skin in both T1KO and WT following baseline assessment of sensitivity. Again, we observed no genotype-specific differences in baseline reactivity, and because of this consistent finding, we will no longer present data depicting baseline behavioral reactivity. Analysis using an ANOVA revealed that T1KO mice, relative to WT mice, exhibited increased sensitivity to mechanical stimulation on the plantar surface of the hindpaw following inflammation of hairy skin that was not temporally dependent, all Fs < 4.41, p < 0.05, (Figures 6A,B). However, trend analyses revealed that inflamed T1KO mice exhibited increased inflammatory hypersensitivity 1 day following CFA treatment when compared to all other mice, F(1,57) = 11.55, p < 0.01 (Figure 6A).
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FIGURE 6. Mice lacking TIMP-1 show increased sensitivity in non-inflamed tissues. (A) Injection of CFA into the hairy skin causes mechanical hypersensitivity on the plantar surface of the paw to develop 1 day following inflammation in T1KO, but not WT, mice. (B) Graph depicting mechanical responsiveness following inflammation collapsed across time. Inflamed T1KO mice greater mechanical sensitivity overall following cutaneous inflammation. (C) Administration of TIMP-1(FL), TIMP-1(N), or TIMP-1(C) into the hairy skin at the time of inflammation prevents the development of mechanical hypersensitivity in T1KO mice. (D) Hindpaw administration of CFA produces mechanical hypersensitivity on the paw contralateral to inflammation in T1KO relative txo WT mice. Treatment with rmTIMP-1 attenuated contralateral hypersensitivity in T1KO mice. PWT are presented as change from baseline. n = 8/condition, ∗ represent significant differences relative to naïve controls, p < 0.05, and error bars depict SEM. #significantly different from WT mice.



To examine whether administration of recombinant murine (rm)TIMP-1 prevented inflammatory hypersensitivity, and the potential mechanism by which this effect occurs, separate groups of T1KO mice received a single injection (10 μL vol) of recombinant full-length rmTIMP-1 [TIMP-1(FL)], the truncated N terminus peptide [TIMP-1(N)] that retains MMP inhibitory function but no cell signaling capacity, or the truncated C terminus peptide [TIMP-1(C)] that lacks MMP inhibitory capacity but retains its cell signaling function at the time of CFA administration. To limit the complexity of our experimental design, and to determine the optimal dose for the administration of each TIMP-1 construct, we conducted a pilot experiment using a small cohort of T1KO mice given 1, 10, or 100 ng/μL of TIMP-1 at the time of inflammation. We found that 10 ng/μL was effective at reducing inflammatory hypersensitivity (Supplementary Figure S2). We then administered a separate cohort of T1KO mice 10 ng/μL of TIMP-1(FL), TIMP-1(N), or TIMP-1(C) at the time of CFA administration. Mechanical hypersensitivity was assessed 24 h later. While inflamed T1KO mice exhibited a significant reduction in mechanical thresholds, T1KO mice treated with the rmTIMP-1 peptide constructs did not. Moreover, we observed no significant differences in the response thresholds between mice given TIMP-1(FL), TIMP-1(N), or TIMP-1(C), all Fs > 4.54, p < 0.01 (Figure 6C), demonstrating that TIMP-1 attenuates inflammatory hypersensitivity through MMP-dependent and MMP-independent signaling mechanisms.

The above data show that inflammation in one somatic region could lead to mechanical hypersensitivity in tissue distal to the site of inflammation, reminiscent of “mirror image pain” (Treede et al., 1992, 2015). To test this possibility, we inflamed one hindpaw and measured mechanical sensitivity on the opposite hindpaw for 7 days following CFA administration. We also examined whether treatment with rmTIMP-1 at the site and time of inflammation affected sensitivity. We found that inflamed T1KO mice exhibited contralateral mechanical hypersensitivity over the course of 7 days following CFA-injection relative to WT mice (Figure 6D). Interestingly, this contralateral hypersensitivity was prevented by treatment with rmTIMP-1 in T1KO mice, F(4, 43) = 5.52, p < 0.05 (Figure 6D).



The Lack of TIMP-1 Does Not Alter the Expression of Local Inflammatory Molecules

TIMP-1 is primarily known as a broad-spectrum MMP inhibitor, and because MMPs are known to contribute to hypersensitivity, we hypothesized that the absence of TIMP-1 may cause hypersensitivity due to elevated activity and expression of cutaneous MMP-9 (Kawasaki et al., 2008; Brew and Nagase, 2010). Examination of hairy skin collected 1 day following CFA from WT and T1KO mice demonstrated that there was an inflammation-induced increase in both MMP-9 expression and activity, all Fs > 7.61, p < 0.05 but that these effects were not genotype-specific, all Fs < 2.05, p > 0.05 (Figures 7A,B). The TIMP/MMP axis also regulates the proteolytic maturation of inflammatory molecules which can cause hypersensitivity (Pagenstecher et al., 1998). We next assessed whether the absence of TIMP-1 during inflammation caused elevated cytokine expression in the skin. Using ELISAs, we assessed the expression of cutaneous IL-1β, IL-6, TNF-α, and IL-10 at 1 day following CFA-injection. Analysis revealed an inflammation-induced increase in IL-1β and IL-6 expression, but this increase in expression was not different between genotypes, all Fs > 12.94, p < 0.05 (Figures 7C,D). In comparison, analysis of TNF-α and IL-10 did not reveal any significant differences following inflammation, all Fs < 4.64, p > 0.05 (Figures 7E,F). These data suggest that TIMP-1 does not affect the emergence of hypersensitivity through differences in inflammatory cytokine expression.
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FIGURE 7. Inflammation does not alter pro-inflammatory molecules in a genotype-specific manner. (A) Cutaneous inflammation significantly increases MMP-9 protein expression in WT and T1KO skin 1 day following CFA administration (n = 7/condition). (B) Cutaneous inflammation increases MMP-9 activity in WT and T1KO hairy skin 1 day following CFA administration. (C) Cutaneous inflammation significantly increases IL-1β protein expression in WT and T1KO hairy skin 1 day following inflammation. (D) Cutaneous inflammation significantly increases IL-6 protein expression in WT and T1KO hairy skin 1 day following CFA administration. (E) Cutaneous inflammation does not affect expression of TNF-α following CFA administration. (F) Cutaneous inflammation does not affect expression of IL-10 protein in WT and T1KO skin following CFA administration. n = 4/condition, ∗ represent significant differences relative to naïve controls, p < 0.05, and error bars depict SEM.





Administration of Recombinant TIMP-1 Attenuates Ongoing Pain in WT Mice

Previous experiments demonstrate that the administration of rmTIMP-1 attenuates evoked mechanical and thermal hypersensitivity in T1KO mice. Here, we examined whether the administration of rmTIMP-1 also attenuated ongoing pain in WT mice using CPP as previous described (King et al., 2009; Ellis and Bennett, 2013). Analysis of pre- compared to post-conditioning time spent in the conditioning chamber indicate an effect of drug, F(1, 30) = 7.269, p < 0.05), and post hoc analysis confirmed an increase in post-conditioning time spent in the clonidine paired chamber compared to pre-conditioning time in vehicle treated mice (p < 0.01) but not in rmTIMP-1 treated mice (p > 0.05) (Figure 8). These observations indicate that WT mice administered CFA and TIMP-1 did not demonstrate clonidine-induced CPP (Figure 8). Because clonidine only produces CPP in the state of injury (King et al., 2009), these results further suggest that treatment with rmTIMP-1 attenuated ongoing inflammatory pain.
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FIGURE 8. Replacement of TIMP-1 attenuates ongoing inflammatory pain in WT mice. Comparison of pre-conditioning and post-conditioning time spent in the clonidine paired chamber show a significant increase in the post-conditioning time in the Vehicle/CFA treated mice, but not the rTIMP-1/CFA treated mice. ∗p < 0.01 vs. pre-conditioning time. Sample size CFA/rTIMP-1 = 9; CFA/Veh = 8. Error bars = S.E.M.






DISCUSSION

The balance between TIMPs and MMPs is important for maintaining tissue homeostasis and preventing pathological conditions. Following tissue damage and inflammation, TIMP-1 is expressed in a variety of cell types that can modulate neuronal function and wound healing, including, astrocytes, oligodendrocytes, Schwann cells, endothelial cells, mast cells, and keratinocytes (Fagerberg et al., 2010; Yokose et al., 2012; Claycomb et al., 2013). Because TIMP-1 is broadly expressed, TIMP-1 may also regulate neuroinflammation and neuropathic pain (Dhar et al., 2006; Kawasaki et al., 2008; Ji et al., 2009; Huang et al., 2011). Although the predominant view is that TIMP-1 exerts these functions by inhibiting MMPs, emerging evidence suggests that TIMP-1 may also facilitate these functions by binding cell-surface receptors and mediating their subsequent downstream signaling pathways (Dhar et al., 2006; Toricelli et al., 2013; Thevenard et al., 2014; Nicaise et al., 2019). Therefore, the present set of studies was designed to investigate the role of TIMP-1 in the development of inflammatory hypersensitivity and the mechanisms of its action.

To determine how inflammation affected the expression of TIMP-1 in tissues proximal and distal to the site of CFA-injection, we examined TIMP-1 expression in skin, DRG, and spinal cord over the course of 7 days. While we did not observe changes in TIMP-1 expression in the DRG or spinal cord, we did localize its expression to GFAP-positive cells, suggesting that TIMP-1 is expressed by satellite glial cells and astrocytes, respectively. When we examined skin, we found that CFA induced an 8.27-fold increase in TIMP-1 protein expression within 24 h of inflammation, and that this temporal upregulation in TIMP-1 was observed in basal keratinocytes. Given that keratinocytes augment nociceptive signaling through the release of neuroactive molecules (Baumbauer et al., 2015; Moehring et al., 2018), the release of TIMP-1 from keratocytes may attenuate pronociceptive behavior caused by inflammation (Fagerberg et al., 2010; Yokose et al., 2012; Edqvist et al., 2015). To test this hypothesis, we examined the temporal expression pattern of TIMP-1 in relationship to the development of cutaneous hypersensitivity in WT mice. We found that the largest change in TIMP-1 expression, within 24 h of injection, preceded the onset of cutaneous hypersensitivity, and that at 3 days when TIMP-1 expression peaked, behavioral sensitivity was the greatest in WT mice. This result suggests that peak TIMP-1 expression may in some way signal the onset of hypersensitivity. Alternatively, it is also possible that the relationship between TIMP-1 expression and the onset of hypersensitivity is determined by a relative change in expression between two consecutive time points. In the case of the current experiments the largest change in expression is observed between baseline and 24 h following inflammation, where we observe an 8.27-fold change in expression. Conversely, we only detect a 1.43 fold increase in expression between Day 1 and Day 3, implying that it is not the absolute level of TIMP-1 expression, per se, that contributes to the delay in hypersensitivity, but rather the extent to which TIMP-1 expression changes relative to previous levels of expression over time. Consequently, it may be possible that as TIMP-1 expression increases during the first 24 h of inflammation the emergence of pain-related behavior is attenuated. However, the overall change in TIMP-1 expression over the next 48 h is no longer sufficient to prevent the emergence of hypersensitivity. Supporting this, we found that the replacement of recombinant TIMP-1 within 24 h of CFA-injection, which causes a significant increase in expression from baseline expression in the skin, prevented the onset of hypersensitivity in mice lacking TIMP-1. Taken together, these data suggest that the immediate induction and release of TIMP-1 from basal keratinocytes attenuates inflammatory hypersensitivity.

If the release of TIMP-1 is important for delaying the onset of inflammatory hypersensitivity, it is also possible that hypersensitivity is exacerbated in the absence of TIMP-1. To test this, we compared mechanical hypersensitivity and thermal hyperalgesia at the site of inflammation in WT and T1KO mice. While we observed a robust reduction in mechanical thresholds in WT and T1KO mice, hypersensitivity persisted for a longer duration in T1KO mice relative to WT controls. Interestingly, when we examined thermal hyperalgesia, we observed a significant reduction in PWT in T1KO mice, while WT mice appeared to be unaffected. This result suggests that TIMP-1 may differentially regulate the processing of thermal and mechanical stimulation. In particular, in WT mice, the presence of TIMP-1 appears to delay the onset and persistence of mechanical sensitivity while having no effect on thermal reactivity during mild inflammation. More broadly, others have argued that mechanical sensitivity is a hallmark sign of pathological pain states (Treede et al., 1992, 2015), and our results imply that the dysregulation in TIMP-1 signaling may contribute to this process by influencing hypersensitivity to mechanical stimulation. Importantly, our observed results were not due to a compensatory response in expression of Timp2 or Timp4, and both transcripts are expressed at similar levels in both WT and T1KO mice in the naïve state. We did observe that expression of both Timp2 and Timp4 decreased following inflammation further suggesting a role for TIMP-2 (Kawasaki et al., 2008; Ji et al., 2009), and possibly TIMP-4, in the emergence of hypersensitivity. Specifically, decreased expression and activity of TIMP-2 and -4 may encourage the emergence and persistence of hypersensitivity. How each TIMP functionally differs in this capacity is the subject of ongoing work.

Given that thermal hyperalgesia and prolonged mechanical hypersensitivity were observed in T1KO, but not WT mice, following mild inflammation, our data suggest that the absence of TIMP-1 increases susceptibility to subtle perturbations that would otherwise be considered innocuous. Indeed, we found that injections of normal physiological saline produced mechanical hypersensitivity in T1KO mice, which was not observed in WT controls. This hypersensitivity could be due to a number of plausible factors, including hypertonicity in a TIMP-1 deficient system (Steinbrocker et al., 1953; Giesler and Liebeskind, 1976; Hylden and Wilcox, 1983; Sutaeg Hwang and Wilcox, 1986), the disruption of cutaneous integrity from needle insertion, cutaneous distention following injection, or the induction of some inflammatory process. Whatever the cause of hypersensitivity is following saline injection, it is tempting to postulate that when TIMP-1 is not present, the physiological processes in the periphery become dysfunctional and sensory stimulation is amplified.

Pathological pain is also characterized by increased sensitivity in tissues adjacent to, and distal from, the site of inflammation, as is the case with “mirror image” pain (Shir and Seltzer, 1991; Maleki et al., 2000). When we assessed sensitivity in tissue adjacent to the site of inflammation and that are innervated by different sets of afferent terminal endings (e.g., hairy vs. glabrous skin), we found that T1KO mice exhibited mechanical hypersensitivity. Interestingly, we observed hypersensitivity in the uninflamed (contralateral) hindpaw, and the sensitivity occurred in a different dermatome from the inflamed dermatome. Administration of rmTIMP-1 at the site of inflammation alleviated hypersensitivity on both the inflamed and uninflamed paws. These data suggest that inflammation-induced TIMP-1 expression occurs in a coordinated fashion that influences the normal progression of inflammatory sensitivity in both inflamed and uninflamed tissues, which may attenuate afferent input and prevent the development of central sensitization.

TIMP-1 is well known as an inhibitor of MMPs, and we know that MMPs contribute to pain following various injury and inflammatory conditions (Kawasaki et al., 2008; Remacle et al., 2018). We hypothesized that disrupting the balance between TIMP and MMP expression and activity would exacerbate hypersensitivity in T1KO mice due to elevated MMP activity and pro-inflammatory cytokine expression. However, we did not detect any genotype-specific differences in the activity of MMP-9 or pro-inflammatory cytokines proximal to the site of CFA administration. Prior work indeed shows that the inhibition of MMPs reduces pain (Kawasaki et al., 2008; Ji et al., 2009), and our current results demonstrate that administration of the N-terminal domain of TIMP-1, the domain responsible for MMP inhibition, attenuated hypersensitivity. We also show that administration of TIMP-1(C), the domain responsible for engaging receptor-mediated cell signaling events (Jung et al., 2006; Toricelli et al., 2013; Takawale et al., 2017; Nicaise et al., 2019), also attenuates hypersensitivity following inflammation, suggesting that TIMP-1 may also delay the emergence of hypersensitivity through a novel receptor-mediated mechanism. Consequently, TIMP-1 may attenuate the development of pain through both pathways. This latter point may help to explain, at least in part, why small molecule inhibitors of MMP activity have limited efficacy (Cathcart and Cao, 2015). By understanding how both subdomains alleviate hypersensitivity, we may be able to effectively manage pain progression.

While our results show that TIMP-1 attenuates pain and hypersensitivity through both MMP inhibition and receptor-mediated signaling, the precise mechanisms by which TIMP-1 acts are not known. Our data suggest that the amount of TIMP-1 present at the site of inflammation may determine functional outcomes, which is consistent with previously published work (Grünwald et al., 2018). Moreover, inflammation affects a variety of cells types that are mobilized to encourage wound repair, including macrophages, dendritic cells, B cells, and T cells. Not only is TIMP-1 released by immune cells, but it is released by endothelial cells as well, and this release of TIMP-1 increases vascular permeability (Shubayev and Strongin, 2018), allowing cells to infiltrate injured tissue during the repair process. Interestingly, the ability of TIMP-1 to increase vascular permeability is thought to occur through MMP-independent signaling mechanisms (Stetler-Stevenson, 2008). In addition to TIMP-1, all of these cells are known to release the anti-inflammatory cytokine interleukin-10 (IL-10) (Couper et al., 2008), and IL-10 increases the production of TIMP-1 (Koscsó et al., 2013). There are a large number of cells that can produce TIMP-1, including mast cells within the skin. Because mast cells have a well-characterized role in driving allergic sensitivity and the release of cytokines involved in itch and pain (Galli and Tsai, 2012; Mukai et al., 2018), the release of mast cell-derived TIMP-1 producing ant nociception seems at odds with our current results. However, research has shown that mast cells contribute to the emergence of analgesia (Kalesnikoff and Galli, 2008; Cui et al., 2018), and this analgesic/antinociceptive response may result from the release of TIMP-1 in an IL-10-dependent manner. It is important to note that we did not observe a genotype-specific changes in IL-10 concentration in the skin following inflammation, but this may have occurred because IL-10 is upstream of TIMP-1 and deletion of TIMP-1 may not impact IL-10 release.

Once released into the extracellular space, TIMP-1 can potentially attenuate pain through multiple pathways. One such pathway is through the inhibition of MMPs, which not only affects their ability to produce pain, but also prevents the release of mature nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) (Shubayev and Strongin, 2018), both of which have known roles in pronociceptive signaling (Woolf et al., 1994; Andreev et al., 1995; Bennett et al., 1998; Zhao et al., 2006; Melemedjian et al., 2010, 2013). Consequently, the antinociceptive effects of TIMP-1 may occur through inhibition of NGF, BDNF, or other algogenic molecules.

Similar processes may not only occur within the skin, but also the DRG and spinal cord as well. Our results, along with the work of others (Thalakoti et al., 2007; Vause and Durham, 2010), show that TIMP-1 is expressed by SGCs in the DRG, suggesting that the release of TIMP-1 by SGCs may attenuate the effects of pronociceptive molecules, such as NGF and BDNF, and affect the way in which afferent cell bodies respond to inflammation. TIMP-1 is expressed in a variety of cell types in the spinal cord with known roles in pain processing, including astrocytes and microglia. In general, the release of TIMP-1 in the spinal cord appears to abrogate the effects of inflammation. For example, release of astrocyte-derived TIMP-1 in an experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis has a protective effect and results in myelin sparing (Crocker et al., 2006) and attenuates the effect of IL-1β on the wound healing responses in vitro (Johnson and Crocker, 2015). The response of microglia to inflammatory stimulation and TIMP-1 appears to be more complex. Microglia play an important part of driving the initial inflammatory response in the CNS (during the “activated” M1 state), but also contribute to the resolution of inflammation (as M2) cells (Cherry et al., 2014; Popiolek-Barczyk et al., 2015). While in the M2 state, microglia can aid in inflammation resolution both through the release of IL-10 and TIMP-1 (Cherry et al., 2014; Popiolek-Barczyk et al., 2015). Moreover, administration of drugs with anti-inflammatory properties shift microglia from a M1 into a M2 state, resulting in the release of TIMP-1 (Popiolek-Barczyk et al., 2015). Interestingly, TIMP-1 delivery prevents the release of TNF-α from microglia (Nuttall et al., 2007), further supporting the anti-inflammatory, and potentially the antinociceptive, capacity of TIMP-1. Collectively, these data suggest that TIMP-1 may aid in the resolution of inflammation in peripheral and central tissues, and that TIMP-1 may be a critical component of a signaling cascade involved in reducing inflammatory hypersensitivity.

The function of TIMP-1 is also determined by the specific interactions TIMP-1 has with its binding partners, which includes both proteases and membrane-bound receptors. We have yet to identify which receptor is responsible for the antinociceptive properties of TIMP-1, but it is known that TIMP-1 binds and activates the CD63/β1 integrin receptor complex (Jung et al., 2006; Toricelli et al., 2013; Takawale et al., 2017; Nicaise et al., 2019). Interestingly, prior work has shown that interfering with the interaction between β1 integrin and versican attenuates inflammatory and neuropathic pain, as well as nociceptor activity (Dina et al., 2004; Ferrari and Levine, 2016). Consequently, keratinocyte-derived TIMP-1 may bind to CD63/β1 integrin expressed on cutaneous nerve endings ultimately, attenuating primary afferent function. While primary afferents are known to express β1 integrin, it is unclear whether they also express CD63. If neurons do not express CD63 there may be an indirect pathway involving other cell types, such as mast cells or keratinocytes, where TIMP-1 may bind to CD63 to alter the release pronociceptive molecules that influence neuronal function (Bertaux et al., 1991; Baumbauer et al., 2015; Moehring et al., 2018). Interestingly, disrupting the activity of β1 integrin prevents persistent pain in a model of hyperalgesic priming while leaving the acute phase of sensitivity intact (Dina et al., 2004). Therefore, stimulating TIMP-1 release, or the direct delivery of TIMP-1, may prevent the emergence of pathological pain, through β1 integrin activation, while leaving the capacity to detect normally painful stimuli unaffected.

Finally, demonstrating that TIMP-1 alleviates ongoing pain in WT mice we show that TIMP-1 is a potential clinical target for therapeutic intervention. It may be possible that TIMP-1 acts as a physiological “brake” on the nociceptive system to prevent overexcitation of primary afferents and the development of centralized pain states. Consequently, targeting TIMP-1 may have therapeutic benefit for both peripheral and central pain. For example, while we did not directly assess hypersensitivity at somatic regions beyond the contralateral hindpaw, our data may have implications for understanding the underlying mechanisms of widespread pain syndromes, such as fibromyalgia. Our data may also have implications for understanding metastatic processes in non-painful forms of cancer. Indeed, TIMP-1 has been studied extensively in cancer (Gong et al., 2013; Toricelli et al., 2013; Jackson et al., 2017) and is therefore of significant interest for determining how metastases develop without producing pain. It is not yet clear whether painful and non-painful cancers differentially express TIMP-1 or whether TIMP-1 receptor binding kinetics are altered in painful and non-painful cancers. Understanding these dynamics may have clinical implications for developing early cancer detection strategies, especially if TIMP-1 is considered a regulator of pain state and not just one involved in tissue remodeling. Finally, if TIMP-1 can be utilized as a target for attenuating pathological pain, TIMP-1 may serve as an alternative to opioid-based medicines. This possibility is intriguing given our data showing that peripheral administration of TIMP-1 has antinociceptive properties and prevents the spread of sensitivity to uninflamed somatic regions. However, these conclusions should be taken with some caution as research has shown that excess TIMP-1 expression, specifically through genetic overexpression, may lead to unintended adverse events (Grünwald et al., 2018). Therefore, future research should focus on illuminating the mechanisms by which TIMP-1 attenuates pain and hypersensitivity and how targeting this system may be therapeutically beneficial.



CONCLUSION

The major goal of this study was to investigate the role TIMP-1 may play in pathological pain states associated with inflammation and in the absence of frank tissue damage. We found TIMP-1 expression was associated with behavioral hyposensitivity immediately following inflammation, and that mice lacking TIMP-1 developed exacerbated hypersensitivity that could be prevented by rmTIMP-1 protein constructs that either inhibit MMP activity or activate membrane bound receptors. Thus, endogenous TIMP-1 may prevent the induction of pain by both, regulating MMP activity and potentially through a novel cell-receptor signaling cascade mediated by CD63. Given the dual nature of TIMP-1 activity, it may be possible to target these pathways as an innovative strategy for attenuating persistent/chronic pain.
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FIGURE S1 | Subcutaneous injection of saline vehicle causes mechanical hypersensitivity in mice lacking TIMP-1. Assessment of mechanical hypersensitivity over 7 days following s.c. administration of 0.9% saline. T1KO mice show a significant reduction in mechanical thresholds relative to all other mice 1 day following injection, and saline treated WT mice 5- and 7-days following injection (n = 6/condition). ∗ indicates significant differences compared to naïve controls, and # indicates significant difference compared to WT mice given saline injections, p < 0.05, and error bars depict SEM.

FIGURE S2 | Dose-response curve for rmTIMP-1 administration. Mice were administered 1, 10, or 100 ng/μL (10 μL vol) s.c. at the time of CFA injection. Administration of 10 μL of rmTIMP-1 resulted in the greatest attenuation of mechanical hypersensitivity relative to all other doses. ∗indicates significantly different response thresholds relative to all other mice, and #indicates significantly different response thresholds relative to CFA treated mice, n = 6/condition, p < 0.05, and error bars depict SEM.
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In addition to its known actions as a non-selective cyclooxygenase (COX) 1 and 2 inhibitor, we hypothesized that indomethacin can act as an allosteric modulator of the type 1 cannabinoid receptor (CB1R) because of its shared structural features with the known allosteric modulators of CB1R. Indomethacin enhanced the binding of [3H]CP55940 to hCB1R and enhanced AEA-dependent [35S]GTPγS binding to hCB1R in Chinese hamster ovary (CHO) cell membranes. Indomethacin (1 μM) also enhanced CP55940-dependent βarrestin1 recruitment, cAMP inhibition, ERK1/2 and PLCβ3 phosphorylation in HEK293A cells expressing hCB1R, but not in cells expressing hCB2R. Finally, indomethacin enhanced the magnitude and duration of CP55940-induced hypolocomotion, immobility, hypothermia, and anti-nociception in C57BL/6J mice. Together, these data support the hypothesis that indomethacin acted as a positive allosteric modulator of hCB1R. The identification of structural and functional features shared amongst allosteric modulators of CB1R may lead to the development of novel compounds designed for greater CB1R or COX selectivity and compounds designed to modulate both the prostaglandin and endocannabinoid systems.
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INTRODUCTION

The endocannabinoid system consists of endogenous cannabinoids such as anandamide (AEA) and 2-arachidonoylglycerol (2-AG), their anabolic and catabolic enzymes, and receptors including the type 1 and 2 cannabinoid receptors (CB1R, CB2R). There is a growing interest in defining the actions of drugs that modulate the activity of the endocannabinoid system. Specifically, compounds that selectively enhance the activity of CB1R may be used in the treatment of pain, depression, and neurodegenerative diseases (Ross, 2007). Compounds that directly activate CB1R – orthosteric agonists – have limited potential as novel therapeutic compounds because of their psychoactivity (Ross, 2007; Pertwee, 2008). Positive allosteric modulators (PAM) of CB1R bind to a CB1R site different from the CB1R site targeted by endocannabinoids and enhance the binding of orthosteric ligands to CB1R, and/or enhance orthosteric ligand-dependent signaling without intrinsic efficacy (Ross, 2007). CB1R PAMs are being developed as novel therapeutic compounds for a wide range of disease states (Price et al., 2005; Ahn et al., 2012; Pamplona et al., 2012).

Existing allosteric modulators of CB1R include Org27569, PSNCBAM-1, lipoxin A4, ZCZ011, cannabidiol (CBD), and GAT211 (Price et al., 2005; Ahn et al., 2012; Pamplona et al., 2012; Ignatowska-Jankowska et al., 2015; Laprairie et al., 2015, 2017; Tham et al., 2018). Org27569 and PSNCBAM-1 both enhance orthosteric ligand binding to CB1R, but diminish CB1R-dependent ERK1/2 phosphorylation and βarrestin recruitment (Price et al., 2005; Ahn et al., 2012; Cawston et al., 2013; Shore et al., 2014). Org27569 and PSNCBAM-1 also display inverse agonist activity at cAMP and ERK1/2 pathways in the absence of orthosteric ligands, indicating these compounds are not pure allosteric modulators (Ahn et al., 2012; Shore et al., 2014). Lipoxin A4 is a PAM of ligand binding and orthosteric agonist-dependent cAMP inhibition at CB1R, but this compound is unstable and displays low potency (high micromolar) in vitro, limiting its therapeutic utility (Pamplona et al., 2012). CBD is a negative allosteric modulator (NAM) of CB1R-dependent ERK1/2 and PLCβ3 phosphorylation, βarrestin recruitment, and cAMP inhibition that reduces CP55940 binding at concentrations >1 μM (Laprairie et al., 2019). ZCZ011 and GAT211 are both potent and efficacious CB1R PAMs; these lead compounds are being used as scaffolds for the development of more specific, potent, and efficacious CB1R PAMs (Ignatowska-Jankowska et al., 2015; Laprairie et al., 2017, 2019).

Org27569, ZCZ011, and GAT211 share in common a 2- and 3-alkyl-group-substituted indole ring (indole-2-carboxamides) (Price et al., 2005; Ahn et al., 2012; Cawston et al., 2015; Ignatowska-Jankowska et al., 2015; Laprairie et al., 2017), suggesting this is an important structural requirement for allosteric modulators of CB1R (reviewed in Lu et al., 2018) (Figure 1). CB1R allosteric modulator activity is maintained or improved by C-5 substitution of Org27569 and GAT211 (Cawston et al., 2015; Hurst et al., 2019). PSNCBAM-1 and lipoxin A4 do not contain substituted indole rings; however, both contain structural features that mimic the space and charge occupied by an indole ring (Ahn et al., 2012; Pamplona et al., 2012). Further, Cawston et al. (2015) recently demonstrated that varying the substituents around indole-2-carboxamides can affect the temporal activity of Org27569 derivatives, without affecting the NAM activity these compounds have on CB1R-mediated signaling. Based on the presence of an indole-2-carboxamide, and literature demonstrating the potential actions that might indicate an undocumented CB1R allosteric modulatory activity (Cawston et al., 2015; Lu et al., 2018), we identified indomethacin as a potential allosteric modulator of CB1R.
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FIGURE 1. Previously described allosteric modulators of CB1R.


The non-steroidal anti-inflammatory drug (NSAID) indomethacin acts as high-affinity non-selective cyclooxygenase 1 and 2 (COX-1, COX-2) inhibitor, fatty acid amide hydrolase (FAAH) inhibitor, prostaglandin receptor 2 agonist, and β2 andrenoreceptor antagonist (Fowler et al., 1997a). The substituted indole ring of indomethacin is unique among NSAIDs (Fowler et al., 1997a). Indomethacin has been shown to enhance AEA- and CB1R-dependent signaling in vivo, but these effects were independent of direct CB1R agonism or an increase in AEA levels (Wiley et al., 2006; Parvathy and Masocha, 2015). Indomethacin, unlike other NSAIDs, produces several neurologic side effects, including vertigo, dizziness, blurred vision, and psychosis, that may be the result of the endocannabinoid system and/or CB1R modulation (Fowler, 1987).


Objective of This Study

Based on the structural similarities of indomethacin to known CB1R allosteric modulators, and the neurologic effects associated with indomethacin use, the objective of this study was to determine whether indomethacin acted as an allosteric modulator of CB1R. To accomplish this objective, indomethacin’s in vitro effects on orthosteric ligand binding to CB1R, G protein-coupling to CB1R, and CB1R-mediated signal transduction; and in vivo effects on CP55940-dependent anti-nociception, catalepsy, hypothermia, and locomotion were determined.



MATERIALS AND METHODS


Compounds

CP55940 [(-)-cis-3-[2-Hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol] was purchased from Tocris Bioscience (Bristol, United Kingdom). AEA and indomethacin were purchased from Sigma-Aldrich (Poole, Dorset, United Kingdom). [3H]CP55940 (174.6 Ci/mmol) and [35S]GTPγS (1250 Ci/mmol) were obtained from PerkinElmer (Seer Green, Buckinghamshire, United Kingdom), GTPγS from Roche Diagnostic (Burgess Hill, West Sussex, United Kingdom), and GDP from Sigma-Aldrich. Compounds were dissolved in DMSO (final concentration of 0.1% in assay media for all assays) and added directly to the media at the concentrations and times indicated.



Cell Culture

Chinese hamster ovary (CHO) cells transfected with cDNA encoding human cannabinoid CB1R or CB2R were maintained at 37°C, 5% CO2 in DMEM F-12 HAM, supplemented with 1 mM L-glutamine, 10% FBS, and 0.6% Pen/Strep for all cells, together with hygromycin B (300 mg/ml) and G418 (600 mg/ml) for the human CB1R CHO cells or with G418 (400 mg/ml) for the human CB2R CHO cells (Bolognini et al., 2010). For membrane preparation, cells were removed from flasks by scraping, centrifuged, and then frozen as a pellet at −20°C until required. Before use in a radioligand binding assay, cells were defrosted, diluted in Tris buffer (50 mM Tris–HCl and 50 mM Tris–base) and homogenized with a 1 mL hand-held homogenizer (Bolognini et al., 2010).

HitHunter (cAMP) and PathHunter (βarrestin2) CHO-K1 cells stably expressing human CB1R (hCB1R) from DiscoveRx® (Eurofins, Fremont, CA, United States) were maintained at 37°C, 5% CO2 in F-12 DMEM containing 10% FBS and 1% penicillin-streptomycin with 800 μg/mL geneticin (HitHunter) or 800 μg/mL geneticin and 300 μg/mL hygromycin B (PathHunter).

Human embryonic kidney (HEK) 293A cells were from the American Type Culture Collection (ATCC, Manassas, VA, United States). HEK293A cells were maintained at 37°C, 5% CO2 in DMEM supplemented with 10% FBS and 1% Pen/Strep.

HEK293A Cignal Lenti CRE (HEK-CRE) reporter cells were provided by Dr. Christopher J. Sinal (Dalhousie University, Halifax, NS, Canada). The HEK-CRE cells stably express the firefly luciferase gene driven by tandem repeat elements of the cAMP transcriptional response element (Qiagen, Toronto, ON, Canada). Thus, luciferase activity is directly proportional to the level cAMP/PKA pathway activation or inhibition. HEK-CRE cells were maintained at 37°C, 5% CO2 in DMEM supplemented with 10% FBS, 1% Pen/Strep, and 200 μg/mL puromycin.



CHO Cell Membrane Preparations

CHO cells stably expressing hCB1R or hCB2R were disrupted by cavitation in a pressure cell and membranes were sedimented by ultracentrifugation, as described previously (Bolognini et al., 2012). The pellet was resuspended in TME buffer (50 mM Tris–HCl, 5 mM MgCl2, 1 mM EDTA, pH 7.4) and membrane proteins were quantified with a Bradford dye-binding method (Bio-Rad Laboratories).



Radioligand Displacement Assays

Assays were carried out with [3H]CP55940 and Tris binding buffer (50 mM Tris–HCl, 50 mM Tris–base, 0.1% BSA, pH 7.4), total assay volume 500 μL, using the filtration procedure described previously by Ross et al. (1999) and Baillie et al. (2013). Binding was initiated by the addition of transfected human CB1R or CB2R CHO cell membranes (50 μg protein per well). All assays were performed at 37°C for 60 min before termination by the addition of ice-cold Tris binding buffer, followed by vacuum filtration using a 24-well sampling manifold (Brandel Cell Harvester; Brandel Inc., Gaithersburg, MD, United States) and Brandel GF/B filters that had been soaked in wash buffer at 4°C for at least 24 h. Each reaction well was washed six times with a 1.2 mL aliquot of Tris binding buffer. The filters were oven-dried for 60 min and then placed in 3 ml of scintillation fluid (Ultima Gold XR, PerkinElmer, Seer Green, Buckinghamshire, United Kingdom). Radioactivity was quantified by liquid scintillation spectrometry. Specific binding was defined as the difference between the binding that occurred in the presence and absence of 1 μM unlabeled CP55940. The concentration of [3H]CP55940 used in our displacement assays was 0.7 nM. Indomethacin was stored as stock solutions of 10 mM in DMSO, the vehicle concentration in all assay wells was 0.1% DMSO.



Dissociation Binding Assay

Membranes obtained from CHO cells transfected with hCB1R were incubated at 24°C in a 96 deep-well block immersed in a water bath (50 μg protein per well), together with 350 μL of assay buffer (50 mM Tris HCl, 50 mM Tris Base and 0.1% w/v BSA, pH 7.4), and 50 μL [3H]CP55940 (7 nM) in each well for 60 min to allow full association of [3H]CP55940 to occur. Dissociation of [3H]CP55940 was monitored at various times over a further period of 60 min after the addition of 1 μM unlabeled CP55940 in the presence or absence of 1 μM indomethacin at 24°C. The assay was terminated by rapid filtration onto GF/B filters pre-soaked in assay buffer using a Brandel cell harvester. The filters were washed six times with the ice-cold buffer before being dried in a heated cabinet. Filters were placed in vials to which 3 mL Ultima Gold scintillation fluid was added. The radioactivity in each vial was then counted for 3 min in a Tri-Carb liquid scintillation counter.



[35S]GTPγS Binding Assay

Human CB1R and CB2R CHO cell membranes (25 μg protein) were preincubated for 30 min at 30°C with adenosine deaminase (0.5 IU/ml). The membranes were then incubated with the agonist ± indomethacin or vehicle for 60 min at 30°C in assay buffer (50 mM Tris–HCl; 50 mM Tris–Base; 5 mM MgCl2; 1 mM EDTA; 100 mM NaCl; 1 mM DTT; 0.1% BSA) in the presence of 0.1 nM [35S]GTPγS and 30 μM GDP, in a final volume of 500 μL. Binding was initiated by the addition of [35S]GTPγS. Non-specific binding was measured in the presence of 30 μM GTPγS. The reaction was terminated by rapid vacuum filtration (50 mM Tris–HCl; 50 mM Tris–Base; 0.1% BSA) using a 24-well sampling manifold (cell harvester; Brandel, Gaithersburg, MD, United States) and GF/B filters (Whatman, Maidstone, United Kingdom) that had been soaked in buffer (50 mM Tris–HCl; 50 mM Tris–Base; 0.1% BSA) for at least 24 h. Each reaction tube was washed six times with a 1.2-mL aliquot of ice-cold wash buffer. The filters were oven-dried for at least 60 min and then placed in 3 mL of scintillation fluid (Ultima Gold XR, PerkinElmer, Cambridge, United Kingdom). Radioactivity was quantified by liquid scintillation spectrometry.



RT-PCR

RNA was harvested from HEK293A cells using the Trizol® (Invitrogen, Burlington, ON, Canada) extraction method according to the manufacturer’s instruction. Reverse transcription reactions were carried out with SuperScript III® reverse transcriptase (+RT; Invitrogen), or without (−RT) as a negative control for use in subsequent PCR experiments according to the manufacturer’s instructions. Two micrograms of RNA were used per RT reaction for cDNA synthesis. PCR reactions were composed of 1X Taq polymerase PCR buffer, a primer-specific concentration of MgCl2 (Supplementary Table S1), 0.3 mM dNTPs, 0.5 μM each of forward and reverse primers (Supplementary Table S1), 1 μL cDNA, and 1.25 U Taq polymerase, to a final volume of 20 μL with dH2O (Fermentas). The PCR program was: 95°C for 10 min, 35 cycles of 95°C 30 s, a primer-specific annealing temperature (Supplementary Table S1) for 30 min, and 72°C for 1 min.



Plasmids

Human CB1R- and CB2R-green fluorescent protein2 (GFP2) C-terminal fusion protein was generated using the pGFP2-N3 (PerkinElmer, Waltham, MA, United States) plasmid, as described previously (Bagher et al., 2013). Human βarrestin1-Renilla luciferase II (RlucII) C-terminal fusion protein was generated using the pcDNA3.1 plasmid and provided by Dr. Denis J. Dupré (Dalhousie University, Halifax, NS, Canada). The GFP2-Rluc fusion construct, and Rluc plasmids have also been described (Bagher et al., 2013).



Bioluminescence Resonance Energy Transfer2

Direct interactions between CB1R or CB2R and βarrestin1 were quantified via Bioluminescence Resonance Energy Transfer2 (BRET2) (James et al., 2006). Cells were transfected with the indicated GFP2 and Rluc constructs using Lipofectamine 2000, according to the manufacturer’s instructions (Invitrogen) and treated as previously described (Laprairie et al., 2014). Briefly, 48 h post-transfection cells were washed twice with cold PBS and suspended in BRET buffer [PBS supplemented with glucose (1 mg/mL), benzamidine (10 mg/mL), leupeptin (5 mg/mL), and a trypsin inhibitor (5 mg/mL)]. Cells were treated with compounds as indicated (PerkinElmer) and coelenterazine 400a substrate (50 μM; Biotium, Hayward, CA, United States) was added. Light emissions were measured at 460 nm (Rluc) and 510 nm (GFP2) using a Luminoskan Ascent plate reader (Thermo Scientific, Waltham, MA, United States), with an integration time of 10 s and a photomultiplier tube voltage of 1200 V. BRET efficiency (BRETEff) was determined using previously described methods (Bagher et al., 2013; Laprairie et al., 2014). Data are presented as % of the maximal response to CP55940.



In-Cell Westerns

Cells were fixed for 10 min at room temperature with 4% paraformaldehyde and washed three times with 0.1 M PBS for 5 min each. Cells were incubated with blocking solution (PBS, 20% Odyssey blocking buffer, and 0.1% TritonX-100) for 1 h at room temperature. Cells were incubated with primary antibody solutions directed against pERK1/2(Y205/185), ERK1/2, pPLCβ3(S573), or PLCβ3 (Santa Cruz Biotechnology) diluted (1:200) in blocking solution overnight at 4°C. Cells were washed three times with PBS for 5 min each. Cells were incubated in IRCW700dye or IRCW800dye (1:500; Rockland Immunochemicals) and washed three times with PBS for 5 min each. Analyses were conducted using the Odyssey Imaging system and software (version 3.0; Li-Cor). Data are presented as % of the maximal response to CP55940.



cAMP Luciferase Reporter Assay

HEK-CRE cells were transfected with CB1R-GFP2 or CB2R-GFP2. Forty-eight hours post-transfection cells were washed twice with cold PBS and suspended in BRET buffer. Cells were dispensed into 96-well plates (10,000 cells/well) and treated with 10 μM forskolin and ligands (PerkinElmer). Media was aspirated from cells and cells were lysed with passive lysis buffer for 20 min at room temperature (Promega, Oakville, ON, Canada). Twenty microliters of cell lysate were mixed with luciferase assay reagent (50 μM; Promega, Oakville, ON, Canada) and light emissions were measured at 405 nm using a Luminoskan Ascent plate reader (Thermo Scientific, Waltham, MA, United States), with an integration time of 10 s and a photomultiplier tube voltage of 1200 V. Data are presented as % inhibition of forskolin response.



HitHunter cAMP Assay

Inhibition of forskolin-stimulated cAMP was determined using the DiscoveRx HitHunter assay in hCB1R CHO-K1 cells. Cells (20,000 cells/well in low-volume 96 well plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C and 5% CO2. Following this, Opti-MEM media was removed and replaced with cell assay buffer (DiscoveRx) and cells were co-treated at 37°C with 10 μM forskolin and ligands for 90 min. cAMP antibody solution and cAMP working detection solutions were then added to cells according to the manufacturer’s directions (DiscoveRx®) and cells were incubated for 60 min at room temperature. cAMP solution A was added according to the manufacturer’s directions (DiscoveRx®) and cells were incubated for an additional 60 min at room temperature before chemiluminescence was measured on a Cytation 5 plate reader (top read, gain 200, integration time 10,000 ms). Data are presented as % inhibition of forskolin response.



PathHunter CB1R βarrestin2 Assay

βarrestin2 recruitment was determined using the hCB1R CHO-K1 cell PathHunter assay (DiscoveRx®). Cells (20,000 cells/well in low-volume 96 well plates) were incubated overnight in Opti-MEM (Invitrogen) containing 1% FBS at 37°C and 5% CO2. Following this, cells were co-treated at 37°C with ligands for 90 min. Detection solution was then added to cells according to the manufacturer’s directions (DiscoveRx®) and cells were incubated for 60 min at room temperature. Chemiluminescence was measured on a Cytation 5 plate reader (top read, gain 200, integration time 10,000 ms). Data are presented as % of the maximal response to CP55940.



Animals and Tetrad Testing

Seven-week old, male, C57BL/6J mice (mean weight 25.2 ± 0.5 g) were purchased from The Jackson Laboratory (Bar Harbor, ME, United States). Animals were group housed (5 per cage) with ad libitum access to food, water, and environmental enrichment and maintained on a 12 h light/dark cycle. Mice were randomly assigned to receive 2 volume-matched i.p. injections of vehicle (10% DMSO in saline), 0.1 mg/kg CP55940 + vehicle, 2 mg/kg indomethacin + vehicle, 0.1 mg/kg CP55940 + 2 or 4 mg/kg indomethacin (n = 5 per group). All protocols were in accordance with the guidelines detailed by the Canadian Council on Animal Care (CCAC; Ottawa ON: Vol. 1, 2nd Ed., 1993; Vol. 2, 1984), approved by the Carleton Animal Care Committee at Dalhousie University. In keeping with the ARRIVE guidelines, power analyses were conducted to determine the minimum number of animals required for the study and animals were purchased – rather than bred – to limit animal waste, and all assessments of animal behavior were made by individuals blinded to treatment group (Kilkenny et al., 2010).

Anti-nociception was determined by assessing tail flick latency immediately prior to injection and 0.5, 1, and 4 h following injection. Mice were restrained with their tails placed ∼1 cm into water held at 52°C and the time until the tail was removed was recorded as tail flick latency (s). Observations were ended at 10 s.

Catalepsy was assessed in the ring holding assay immediately prior to injection and 1 and 4 h following injection. The mice were placed such that their forepaws clasped a 5 mm ring positioned 5 cm above the surface of the testing space. The length of time the ring was held was recorded (s). The trial was ended if the mouse turned its head or body, or made three consecutive escape attempts.

Internal body temperature was measured via rectal thermometer immediately prior to injection and 0.5, 1, and 4 h following injection.

Locomotion was assessed in the open field test immediately prior to injection and 1 and 4 h following injection. Mice were placed in an open space 90 cm × 60 cm and total distance was recorded for 5 min. Data are displayed as the total distance travelled over 5 min (m).



Statistical Analyses

Data for [3H]CP55940 binding and [35S]GTPγS binding data are shown as % change from a basal level. In-cell westerns, BRET, and PathHunter data are shown as % of maximal CP55940 response. cAMP luciferase and HitHunter data are shown as % of forskolin response. Concentration-response curves (CRC) were fit using non-linear regression with variable slope (four parameters) and used to calculate EC50, Emin, and Emax (GraphPad, Prism, v. 8.0). CRC were fit to the operational model of Black and Leff (1983) to calculate bias (ΔΔLogR) according to previously described methods and using CP55940 as the reference agonist (Laprairie et al., 2017). Statistical analyses were conducted by Student’s one

sample t-test, one- or two-way analysis of variance (ANOVA), as indicated in the figure legends, using GraphPad. Post hoc analyses were performed using Bonferroni’s (two-way ANOVA) or Tukey’s (one-way ANOVA) tests. Homogeneity of variance was confirmed using Bartlett’s test. All results are reported as the mean ± the standard error of the mean (SEM) or 95% confidence interval (CI), as indicated. P-values < 0.05 were considered to be significant.



Receptor Modeling and Ligand Docking

The 2.8 Å agonist-bound (PDB ID: 5XRA) (Hua et al., 2017) human CB1R crystal structure was used. Amino acid position is indicated according to the Ballesteros and Weinstein method of residue numbering [i.e., single letter amino acid abbreviation, transmembrane helix number, the residue position relative to the most conserved position (e.g., F2.62)] (Ballesteros and Weinstein, 1995). Ligand “.mol2” structure and formula files for indomethacin were downloaded from ZINC (Irwin et al., 2012). Three-dimensional models of human CB1R were generated in Swiss-MODEL from the template structures (5XRA) (Arnold et al., 2006; Kiefer et al., 2009). All settings were kept at default. Ligands were docked to model receptors using AutoDock 4.2.6 (Morris et al., 2009) by Lamarckian genetic algorithm (Hurst et al., 2006). AutoDock uses a Monte Carlo simulated annealing algorithm to explore a defined grid within the virtual space of a protein model with a selected ligand. The ligand is used to probe the defined grid space via molecular affinity potentials in various conformations of ligand and receptor. The binding site of the models were defined using the AutoGrid program within AutoDock and the grid box was set to dimensions of 20 × 20 × 20 Å in order to include the entire extracellular surface and transmembrane regions of the model receptors. The rigidity parameters were set for the receptor and the ligands were kept flexible. All other parameters were set to default. The AutoDock algorithm AutoDock Vina 1.1.2 (Morris et al., 2009; Trott and Olson, 2010) was used to fit the ligand to the template. The best conformation for each ligand-receptor is based on the lowest binding energy among eight bioactive conformations generated by eight repeated program iterations.



RESULTS


Radioligand Binding and [35S]GTPγS Binding Assay

We determined how indomethacin modulated the binding of CP55940 – a high affinity, synthetic CB1R reference ligand – to hCB1R. Indomethacin enhanced [3H]CP55940 binding to hCB1R in CHO cell membranes between 10 nM and 10 μM (Figure 2A). The indomethacin concentration-[3H]CP55940 binding relationship was bell-shaped, with the greatest enhancement of binding occurring at 10 and 100 nM, suggesting that indomethacin may only enhance orthosteric ligand binding within a narrow concentration range, and at higher doses indomethacin may have reduced CP55940-hCB1R binding (Figure 2A). Indomethacin (1 μM) did not change the rate of dissociation of [3H]CP55940 compared to vehicle (Figure 2B and Table 1). Therefore, indomethacin enhanced the binding affinity of CP55940 at hCB1R, but did not change the dissociation rate of CP55940. Overall, these data are consistent with indomethacin acting as a PAM of orthosteric ligand binding at hCB1R. In order to assess the ability of indomethacin to modulate G protein activation, [35S]GTPγS binding assays were conducted in CHO cells stably expressing hCB1R. In the presence of 1 nM and 10 μM AEA, 1 μM indomethacin enhanced the [35S]GTPγS binding to hCB1R (Figure 2C). Indomethacin did not effect [35S]GTPγS binding to hCB2R (data not shown).
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FIGURE 2. [3H]CP55940 and [35S]GTPγS binding to hCB1R. (A) [3H]CP55940 (0.7 nM) binding to membranes obtained from CHO cells transfected with hCB1R was measured in the presence of indomethacin. Symbols represent mean percentage changes in [3H]CP55940 binding values ± SEM. Asterisks indicate mean values that are significantly different from zero via Student’s one sample t-test (∗∗P < 0.01, ∗∗∗P < 0.001). Data are presented as mean values ± SEM. N = 4–6. (B) Effect of 1 μM indomethacin on the kinetics of [3H]CP55940 for its dissociation from binding sites on membranes obtained from hCB1R CHO cells. Data were best fitted using a one-phase dissociation model. Data are presented as mean values ± SEM. N = 5. (C) The effects of indomethacin on [35S]GTPγS binding in CHO cells expressing hCB1R treated with AEA in the presence of DMSO or 1 μM indomethacin. Asterisks indicate mean values that are significantly different from zero via Student’s one sample t-test (∗P < 0.05). Data are mean ± SEM. N = 5–6.



TABLE 1. Effect of indomethacin on the mean [3H]CP55940 of dissociation rate from membranes of CHO cells expressing hCB1R.
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βarrestin1, ERK1/2, PLCβ3, and cAMP

Indomethacin-dependent modulation of hCB1R and hCB2R signaling was examined in HEK293A cells, which are a well-established model system for studying cannabinoid receptors (Hudson et al., 2010; Laprairie et al., 2015, 2017; Tham et al., 2018). The effect of indomethacin on CP55940-dependent hCB1R and hCB2R activation was measured in HEK293A cells expressing either hCB1R-GFP2 or hCB2R-GFP2 (Figure 3 and Table 2). Indomethacin alone did not alter hCB1R-dependent βarrestin1 recruitment, ERK1/2 and PLCβ3 phosphorylation, or cAMP levels (Figures 3A,C,E,G). Indomethacin (1 μM) produced a significant leftward and upward shift in the CRCs for βarrestin1 recruitment, ERK1/2 and PLCβ3 phosphorylation, and cAMP inhibition (Figures 3A,C,E,G). Indomethacin alone did not alter hCB2R-dependent βarrestin1 recruitment, ERK1/2 or PLCβ3 phosphorylation, or cAMP inhibition in HEK293A cells expressing hCB2R (Figure 3 and Table 2). Therefore, indomethacin enhanced hCB1R-dependent signaling, and not hCB2R-dependent signaling, in a manner consistent with a PAM.
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FIGURE 3. hCB1R and hCB2R signaling in the presence of indomethacin. (A–D) HEK293A cells expressing hCB1R-GFP2 were treated with 1 nM–10 μM CP55940 ± 1 μM indomethacin (A,C) or 1 nM–10 μM indomethacin ±500 nM CP55940 (B,D) for 10 min and ERK1/2 (A,B) or PLCβ3 (C,D) phosphorylation was measured. (E,F) HEK293A cells expressing hCB1R-GFP2 and βarrestin1-Rluc were treated with 1 nM–10 μM CP55940 ± 1 μM indomethacin (E) or 1 nM–10 μM indomethacin ±500 nM CP55940 (F) for 30 min and BRET2 was measured. (G) HEK-CRE cells expressing hCB1R-GFP2 were treated with 10 μM forskolin, 1 nM–10 μM CP55940 ± 1 μM indomethacin for 1 h. ∗P < 0.01 compared to CP55940 alone within dose as determined via one-way ANOVA followed by Tukey’s post hoc analysis. Data are mean ± SEM. N = 4. (H,I) HEK293A cells expressing hCB2R-GFP2 were treated with 1 nM–10 μM CP55940 ± 1 μM indomethacin for 10 min and ERK1/2 (H) or PLCβ3 (I) phosphorylation was measured. (J) HEK293A cells expressing hCB2R-GFP2 and βarrestin1-Rluc were treated with 1 nM–10 μM CP55940 ± 1 μM indomethacin for 30 min and BRET2 was measured. (K) HEK-CRE cells expressing hCB2R-GFP2 were treated with 10 μM forskolin, 1 nM–10 μM CP55940 ± 1 μM indomethacin for 1 h. Data are mean ± SEM. N = 4.



TABLE 2. Potency and efficacy of indomethacin at modulating agonist-dependent signaling.

[image: Table 2]Indomethacin-dependent modulation of hCB1R signaling was further assessed in the DiscoveRx CHO HitHunter and PathHunter cells for βarrestin2 recruitment and cAMP inhibition in the presence of 100 nM CP55940 or AEA in order to assess ligand bias, PAM activity in the presence of the endogenous agonist, and probe dependence between CP55940 and AEA (Figure 4). Indomethacin alone did not alter hCB1R-dependent cAMP inhibition or βarrestin2 recruitment. Indomethacin enhanced 100 nM CP55940-dependent cAMP inhibition and βarrestin2 recruitment (Figures 4A,B). Further, indomethacin enhanced 100 nM AEA-dependent inhibition of cAMP but did not alter AEA-dependent βarrestin2 recruitment (Figures 4C,D). Indomethacin in the presence of CP55940 did not display bias between cAMP inhibition and βarrestin2 recruitment, whereas indomethacin in the presence of AEA did selectively enhance inhibition of cAMP relative to βarrestin2 recruitment, as determined by fitting these data with the operational model (Figure 4E). Therefore, indomethacin displayed hCB1R PAM activity with probe-dependence for AEA-dependent inhibition of cAMP.
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FIGURE 4. Analysis of indomethacin bias at hCB1R in CHO cells. CHO HitHunter cAMP cells (A,C) or PathHunter βarrestin2 cells (B,D) stably expressing hCB1R were treated with 0.1 nM–10 μM CP55940, AEA, indomethacin, 100 nM CP55940 + 0.1 nM–10 μM indomethacin, or 100 nM AEA + 0.1 nM = 10 μM indomethacin for 90 min. CHO HitHunter cAMP cells were also treated with 10 μM forskolin. hCB1R-depednent inhibition of forskolin-induced cAMP accumulation (A,C) or βarrestin2 recruitment (B,D) was measured. Data are mean ± SEM. N = 5 in panels (A,C), N = 6 in panels (B,D). (E) Data were fit to the operational model to calculate ΔΔLogR (cAMP–βarrestin2) such that values >0 represent bias for inhibition of cAMP and values <0 represent bias for recruitment of βarrestin2. Data are individually plotted with mean and 95% confidence interval. ∗P < 0.05 compared to 0 as determined by 95% confidence interval. N = 4.




RT-PCR

Indomethacin is thought to interact with a number of targets, including COX-1 (PTGS1), COX-2 (PTGS2), the prostaglandin D2 receptor 2 (PTGDR2/CRTH2/PGD2; PTGDR2), peroxisome proliferator-activated receptor γ (PPARγ; PPARG), and fatty acid amide hydrolase (FAAH; FAAH) (Lehmann et al., 1997; Sawyer et al., 2002; Hata et al., 2005; Sugimoto et al., 2005; Holt et al., 2007). To determine whether indomethacin could have affected non-CB1R targets in HEK293A cells, mRNA was isolated, and COX-1, COX-2, PTGDR2, PPARγ, and FAAH transcripts levels were assessed by RT-PCR. hCB1R was readily detectable in HEK293A cells transfected with the hCB1R-GFP2 plasmid, but not detected in non-transfected HEK293A cells (-) (Figure 5). PPARγ transcript was detected, but no transcripts were detected for FAAH, COX-1, COX-2, or PTGDR2 (Figure 5). Therefore, the indomethacin-dependent enhanced CB1R signaling observed in HEK293A cells occurred via allosteric modulation of CB1R, and not through other protein targets of indomethacin. Indomethacin-mediated CB1R PAM activity may be less-evident in cell culture systems where COX-1, COX-2, PTGDR2, PPARγ, and FAAH are expressed and in vivo.
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FIGURE 5. mRNA expression of potential indomethacin targets in HEK293A cells. The expression of several gene transcripts whose protein products are considered targets for indomethacin was evaluated in HEK293A cells using RT-PCR. hCB1R cDNA was detectable in cells transfected with hCB1R-GFP2 (+) and not untransfected cells (-). FAAH, fatty acid amide hydrolase; PTGS1 and 2, COX-1 and -2; PPARG, PPARγ.




In vivo Analyses

The ability of indomethacin to enhance CB1R-dependent effects was assessed in vivo using tetrad analysis over 4 h (indomethacin t1/2 in mouse 51 min, 4.7 half-lives) (Remmel et al., 2004). Tail flick latency was increased by both CP55940 (0.1 mg/kg) and indomethacin (2 mg/kg) at 0.5, 1, and 4 h compared to vehicle treatment, and increased by the combination of CP55940 and indomethacin (4 mg/kg) at 1 h compared to CP55940 or indomethacin alone (Figure 6A). Catalepsy was increased by CP55940 alone at 1 and 4 h, but not indomethacin (Figure 6B). Catalepsy time was significantly increased by 2 and 4 mg/kg of indomethacin with CP55940 compared to CP55940 alone at 1 h (Figure 6B). Body temperature was reduced by both CP55940 and indomethacin at 0.5 and 1 h compared to vehicle treatment, and further reduced by the combination of CP55940 and indomethacin (4 mg/kg) at 0.5 and 1 h compared to CP55940 or indomethacin alone (Figure 6C). Locomotion (i.e., distance traveled in the open field) was reduced by CP55940 at 1 and 4 h compared to vehicle treatment, and further reduced by the combination of CP55940 and indomethacin (4 mg/kg) at 4 h compared to CP55940 or indomethacin alone (Figure 6D).
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FIGURE 6. Indomethacin enhanced CP55940-dependent tetrad effects. Seven-week old, male, C57BL/6 mice were injected (i.p.) with vehicle, CP55940 (0.1 mg/kg), indomethacin (2 mg/kg), CP55940 (0.1 mg/kg) + indomethacin (2 mg/kg), or CP55940 (0.1 mg/kg) + indomethacin (4 mg/kg) and tetrad tests were completed as follows: tail flick latency at 0 (prior to treatment), 0.5, 1, and 4 h after injection (A), catalepsy at 0, 1, and 4 h after injection (B), internal body temperature at 0, 0.5, 1, and 4 h after injection (C), total distance traveled in the open field at 0, 1, and 4 h after injection (D). ∗P < 0.01 compared to vehicle within time point, †P < 0.01 compared to CP55940 alone within timepoint, as determined via two-way ANOVA followed by Bonferroni’s post hoc analysis. Data are mean ± SEM. N = 5 per treatment group.




In silico Ligand Docking

Simulated docking of indomethacin to CB1R-5XRA was modeled in AutoDock 4.2.6. to predict possible binding sites of indomethacin in an active conformation of CB1R bound orthosteric agonist AM11542 (a CP55940 derivative) (Figure 7). Indomethacin bound a subset of residues on the exterior surface of transmembrane helices 2 and 3 (Figure 7) that do not overlap with those of the orthosteric agonist (S1.39, F2.57, F2.61, F2.64, H2.65, F3.25, L3.29, V3.32, F3.36, L5.40, W5.43, M6.55, W6.48, L6.51, F7.35, A7.36, S7.39, M7.40, C7.42, and L7.43) (Hua et al., 2017). Amino acid residue K3.28 has been previously reported to interact with Org27569 and PSNCBAM-1 (Hurst et al., 2006). Importantly, amino acid residues Y2.59, F3.27 were recently reported to interact with the well-known CB1R PAM GAT229 and also interacted with indomethacin in this model (Hurst et al., 2019), supporting a shared binding site for these CB1R PAM. Ligand affinity was estimated for the 5XRA-CB1R model in AutoDock 4.2.6. for indomethacin and the estimated KA value for indomethacin was 450 nM, which is similar to the potency observed for indomethacin as a CB1R PAM in vitro.
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FIGURE 7. Indomethacin docking to CB1R 5XRA (agonist-bound). (A) The perspective is from the lipid bilayer. Helices are blue (I), light blue (II), turquoise (III), seafoam (IV), green (V), gold (VI), and orange (VII). Indomethacin is shown in magenta. (B) Image as in (A) at a closer perspective. Interacting amino acid residues are named according to the Ballesteros and Weinstein (1995) system. Transmembrane helices (TMH) are labelled by number.




DISCUSSION

In this study, we present evidence that the NSAID indomethacin acted as a PAM of CB1R in vitro and in vivo. Indomethacin is known to interact with a number of proteins, including the multidrug resistance proteins 1 and 4, COX-1, COX-2, PTGDR2/CTRH2, PPARγ, and the AEA-metabolizing enzyme FAAH (Lehmann et al., 1997; Hata et al., 2005; Sugimoto et al., 2005; Holt et al., 2007). The non-selective activity of indomethacin may explain several of the side effects associated with this drug, including dyspepsia, heartburn, diarrhea, edema, and hypertension (Fowler, 1987). In the present study, the CB1R PAM activity of indomethacin ranged in potency from 10 nM (cAMP inhibition assay) to 570 nM (βarrestin2 recruitment assay) in the presence of CP55940 (Table 2). By comparison, indomethacin inhibits COX-1 (250 nM), PTGDR2/CTRH2 (20–790 nM), and PPARγ (40 nM) within a similar concentration range to the potencies observed for CB1R-dependent signaling (Lehmann et al., 1997; Sawyer et al., 2002; Hata et al., 2005; Sugimoto et al., 2005). In contrast to these effects, indomethacin has been shown to inhibit MRP1 and 4 (11 and 102 μM, respectively), FAAH (1.2 μM), and COX-2 (2.5 μM) at much higher concentrations (Reid et al., 2003; Holt et al., 2007). Several additional CNS-specific side effects associated with indomethacin use but not other NSAIDs, such as headache, vertigo, and dizziness, blurred vision, and psychosis following prolonged use, may be explained by the drug’s modulation of the endocannabinoid system and/or CB1R (Wiley et al., 2006; Parvathy and Masocha, 2015). The endogenous substrates of COX-1, COX-2, PPARγ, FAAH, and CB1R share similar chemical structures and physical properties. Moreover, exogenous cannabinoids such as Δ9-tetrahydrocannabinol (THC) are known to modulate COX enzymes (Chen et al., 2013). The CB1R PAM activity of indomethacin – and similar observations such as CB1R PAM activity by fenofibrate (PPARγ agonist) (Priestley et al., 2015), and FAAH inhibition by acetaminophen (Ottani et al., 2006) – indicate a pharmacological overlap between these proteins.

In vitro, indomethacin enhanced CP55940 binding and activation of hCB1R in [35S]GTPγS, ERK1/2, PLCβ3, βarrestin1, βarrestin2, and cAMP assays. Indomethacin also enhanced AEA-dependent inhibition of cAMP – but did not enhance AEA-dependent βarrestin2 recruitment – indicating indomethacin’s effects are probe-dependent, biased toward cAMP inhibition in the presence of endogenous agonist, and occur in the presence of endogenous agonist. These experiments were conducted in acute treatment paradigms and in cell signaling systems that overexpress human CB1R. Subsequent studies exploring indomethacin-dependent modulation of CB1R in long-term treatment, endogenous expression systems, and on electrophysiological outputs will enhance our understanding of indomethacin PAM activity (Straiker et al., 2018). Binding of indomethacin to an allosteric site of CB1R could have shifted the equilibrium of CB1R from the inactive R state, to the more active R∗ state (Iliff et al., 2011; Fay and Farrens, 2012; Shore et al., 2014). Our in silico modeling of CB1R with the active R∗ state model (5XRA) further supports indomethacin binding a unique allosteric pocket distinct from Org27569 or PSNCBAM-1 (Iliff et al., 2011; Fay and Farrens, 2012). The CB1R allosteric modulators Org27569 and PSNCBAM-1 have been shown to promote R∗ state conformation and increase orthosteric ligand binding (Iliff et al., 2011; Fay and Farrens, 2012; Shore et al., 2014); and our modeled indomethacin binding site overlaps that of the recently modeled GAT229 CB1R PAM binding site (Hurst et al., 2019). Org27569 and PSNCBAM-1 enhance CP55940 binding, but not CB1R-dependent signaling (Price et al., 2005; Shore et al., 2014), whereas indomethacin enhanced both binding and signaling because of its topologically distinct binding site.

In vivo, indomethacin was able to promote anti-nociceptive and hypothermic effects alone at 2 mg/kg and enhance all 4 CP55940-dependent tetrad effects at 2 and 4 mg/kg. Indomethacin may have induced tetrad effects alone via inhibition of its other known targets, COX-1/2 and FAAH, which would lead to elevated levels of endocannabinoids. The potentiating effects of indomethacin ceased within the 4 h time course of the experiment, which is consistent with the 51 min half-life of indomethacin in mice (Remmel et al., 2004). Moreover, although 90% of indomethacin is plasma-protein bound, free [14C]indomethacin has been shown to rapidly penetrate the rat brain via transporter-independent mechanisms (Parepally et al., 2006). These data support the hypothesis that in vivo effects observed in our study were brain CB1R-dependent. Other CB1R PAMs that contain indole-2-carboxamides, such as GAT211 and ZCZ011, enhance some CB1R-dependent effects in vivo (Slivicki et al., 2018). Other CB1R allosteric ligands, such as Org27569 and PSNCBAM-1, have limited efficacy in vivo, potentially because of poor pharmacokinetic properties (Ignatowska-Jankowska et al., 2015; Gamage et al., 2017).

Wiley et al. (2006) reported that indomethacin (10 or 30 mg/kg) enhanced AEA-dependent (30 mg/kg) hypolocomotion, anti-nociception, hypothermia, and immobility in ICR mice. The authors suggest that indomethacin may have potentiated AEA’s effects via reduced metabolism of AEA (Wiley et al., 2006), which is supported by other studies (Fowler et al., 1997a, b, 1999; Holt et al., 2007). Parvathy and Masocha (2015) have also reported that indomethacin reduces neuropathic thermal paclitaxel-induced hyperalgesia via CB1R. Our studies utilized a lower dose of indomethacin (2 or 4 mg/kg) in an acute treatment paradigm and demonstrated the potentiation of CP55940-dependent effects. Indomethacin, and other COX inhibitors, have also been shown to reduce the efficacy of chronically administered CB1R agonists in vivo (Yamamguchi et al., 2001; Anikwue et al., 2002). Previous studies that described interactions between COX inhibitors and CB1R agonists utilized chronically administered cannabinoid agonist. Here, the acute co-administration of CP55940 and indomethacin enhanced by CP55940-mediated effects (Yamamguchi et al., 2001; Anikwue et al., 2002). Although we did not explore the possible role of metabolites in our acute study, it is possible that the metabolites of indomethacin may also affect the activity of CB1R and other targets in acute and chronic treatment paradigms. Chronic cannabinoid administration is known to produce receptor desensitization and downregulation, which may account for the decreased efficacy observed in earlier studies. Future studies will explore chronic CB1R-dependent effects in vivo.

Indomethacin enhanced the efficacy, potency, and ligand binding of CB1R agonists in vitro and in vivo in a manner consistent with positive allosteric modulation. Therefore, indomethacin may be a useful probe compound to understand the structure-activity relationship of CB1R allosteric modulators, and modulators of FAAH and COX enzymes, and in the development of novel therapeutic compounds with specificity for these components of the endocannabinoid system.
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Peripheral and central neurons in the pain pathway are well equipped to detect and respond to extracellular stimuli such as pro-inflammatory mediators and neurotransmitters through the cell surface expression of receptors that can mediate rapid intracellular signaling. Following injury or infection, activation of cell surface G protein-coupled receptors (GPCRs) initiates cell signaling processes that lead to the generation of action potentials in neurons or inflammatory responses such as cytokine secretion by immune cells. However, it is now appreciated that cell surface events alone may not be sufficient for all receptors to generate their complete signaling repertoire. Following an initial wave of signaling at the cell surface, active GPCRs can engage with endocytic proteins such as the adaptor protein β-arrestin (βArr) to promote clathrin-mediated internalization. Classically, βArr-mediated internalization of GPCRs was hypothesized to terminate signaling, yet for multiple GPCRs known to contribute to pain, it has been demonstrated that endocytosis can also promote a unique “second wave” of signaling from intracellular membranes, including those of endosomes and the Golgi, that is spatiotemporally distinct from initial cell-surface events. In the context of pain, understanding the cellular and molecular mechanisms that drive spatiotemporal signaling of GPCRs is invaluable for understanding how pain occurs and persists, and how current analgesics achieve efficacy or promote side-effects. This review article discusses the importance of receptor localization for signaling outcomes of pro- and anti-nociceptive GPCRs, and new analgesic opportunities emerging through the development of “location-biased” ligands that favor binding with intracellular GPCR populations.
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INTRODUCTION

The sensation and transmission of pain are essential physiological processes that allow us to detect and react to harmful stimuli and initiate inflammatory responses to protect damaged tissue and promote wound healing. Peripheral and central processes that lead to pain transmission are highly adaptive, and the pain experienced is usually proportional to the extent of the injury. As a part of this adaptive physiological response, a heightened sensitivity to pain occurs to provide awareness of damaged tissue and maintain protective behavior for the duration of an injury.

As healing occurs, this sensitization typically reduces over time. In contrast, in chronic inflammatory and neuropathic pain conditions such as arthritis, fibromyalgia or diabetic-related neuropathy, where damaged tissue is unable to heal or inflammatory mediators continue to be produced, this sensitization fails to diminish and can cause significant discomfort and loss of function over extended time periods (Scholz and Woolf, 2002). This is typically described through two phenomena: (a) allodynia, where one feels pain in response to a normally non-painful stimulus; and (b) hyperalgesia, where one experiences an exacerbated pain sensation to a moderately painful stimulus (Baron, 2006; Steeds, 2016). Due to the complexity of chronic pain and significant limitations with safety and compliance for available analgesics, these conditions are extremely difficult to manage, thus impacting the quality of life for many patients.

Despite many advances in basic research and in the clinic, the analgesic landscape in recent decades has seen few changes, due to the limited availability of effective analgesic agents and the potential for abuse of routinely prescribed drugs (Dowell et al., 2016; Goodman and Brett, 2017). In the midst of a growing opioid crisis (Schuchat et al., 2017), the development of new pain medicines is becoming increasingly important. For safety and logistical reasons, the most obvious gains can be made by repurposing Food and Drug Administration (FDA)-approved drugs that are currently used for other indications (e.g., anti-depressants; Kremer et al., 2016; Cooper et al., 2017) or re-formulating established analgesics such as opioids to improve pharmacokinetic profiles (Saraghi and Hersh, 2013). However, new and effective therapeutic approaches may also be gained through greater characterization of the underlying cellular and molecular mechanisms that lead to pain, as a means to identify new molecular targets and further define how analgesic side-effects occur and can be avoided.

G protein-coupled receptors (GPCRs) are important mediators of pain or analgesia and many of these receptors participate in dynamic trafficking processes such as endocytosis, as a part of their activity cycle. It is now evident that receptor trafficking is also critical for the initiation of spatially and temporally distinct signaling events, and importantly, some of these location-specific or compartmentalized processes are associated with greater modulation of pain (Geppetti et al., 2015; Irannejad et al., 2017; Stoeber et al., 2018; Thomsen et al., 2018). Here, we address limitations of the current analgesic landscape and look to new drug discovery studies focused on GPCRs that participate in dynamic trafficking processes in neurons. New biophysical tools that have been used to characterize compartmentalized signaling reveal how the membrane partitioning properties of drugs influence their functional selectivity for location-specific processes. This knowledge has been exploited through the use of lipid-anchored drug conjugates that increase GPCR targeting in specific subcellular domains, to enhance analgesic outcomes through the inhibition of endosomal signaling.



CHALLENGES AND LIMITATIONS OF CURRENT ANALGESICS

Chronic or persistent pain incorporates a complex range of disorders that requires a combination of non-pharmacological and pharmacological approaches for treatment. From a pharmacological perspective, treatment is possible by administering one or more therapeutic agents such as paracetamol/acetaminophen, non-steroidal anti-inflammatory drugs (NSAIDs) or cyclooxygenase-2 inhibitors (Coxibs) followed by careful use of opioids for elevated pain (e.g., morphine or oxycodone). Unfortunately, each of these drugs has associated side-effects that limit their use. NSAIDs and Coxibs have potential cardiovascular and gastrointestinal side effects (Whelton, 2000), and should be used more sparingly than paracetamol/acetaminophen, which carries a risk of hepatotoxicity with excessive use (Mahadevan et al., 2006). While opioids remain some of the most effective analgesics available in the clinic, they have a high abuse potential due to their euphoric or addictive properties, and where repeated use leads to receptor desensitization and tolerance. To overcome tolerance, patients with chronic pain can be subjected to sustained increases in dosing or switching to other more potent opioids to improve analgesia, which often provides only temporary gains in pain relief. However, this approach may increase the risk of tolerance and addiction over time, in addition to increasing the likelihood of debilitating side-effects such as constipation and respiratory depression (Corbett et al., 2006; Boudreau et al., 2009; Volkow et al., 2011).

Alternative GPCR targets have been identified to reduce reliance on opioid analgesics. Cannabinoids, which are proposed as effective opioid alternatives, reduce pain through activation of Gi/o-coupled cannabinoid receptors (primarily CB1), which leads to the downregulation of excitatory processes, and modulation of serotoninergic (5-HT) and noradrenergic pathways. Although widely available and used for millennia, we are yet to see the outcomes of systematic use in the clinic for treating pain, and it is also acknowledged to lead to behavioral risks that require further investigation (Mendiguren et al., 2018). Gabapentinoids such as gabapentin or pregabalin, target the α2δ subunit of voltage-gated calcium channels and have been approved as first-line medications to manage neuropathic pain (e.g., postherpetic neuralgia, fibromyalgia). These were initially used for the treatment of epilepsy, and in some cases for anxiety disorders. Although regarded as relatively safe drugs, safety concerns for gabapentinoids have grown and include excessive usage and behavioral risks such as suicidal behavior (Johansen, 2018; Molero et al., 2019). Together, this provides a small insight into established and emerging risks associated with common analgesics. This raises the question of whether any of these compounds can be modified to improve their safety profiles and if new or emerging targets are available. We discuss these points below in the context of receptor trafficking, which is a critical component of the activity cycle for many molecular pain targets.



TARGETING GPCRs FOR THE TREATMENT OF PAIN

Members of the GPCR superfamily are considered to be druggable targets due to high levels of cell surface expression and their ability to contribute to all pathophysiological processes, including pain. Accordingly, GPCR-selective drugs represent more than one-third of all FDA-approved medicines (Hauser et al., 2017). There are at least 40 members of the GPCR family that are considered to be potential therapeutic targets for the regulation of pain (Stone and Molliver, 2009). Yet despite advanced drug discovery programs for multiple receptors, and abuse concerns for opioid receptors, very few targets have clinically succeeded beyond opioids in the past decade, with notable exceptions being the recent approval of Fremanezumab, Eptinezumab, Galcanezumab, and Erenumab for treatment of migraine, being monoclonal antibodies that target the neuropeptide calcitonin gene-related peptide (CGRP) or its receptor, Calcitonin Receptor-Like Receptor/Receptor Activity-Modifying Protein 1 (CLR/RAMP1; see review by Scuteri et al., 2019).

There are a number of challenges in the early phase of analgesic drug discovery for GPCRs. This includes safety concerns for targets that have overlapping functions in other tissues, and inaccurate evaluations of efficacy when using relatively simplified rodent-based pre-clinical pain models to represent the complexity of clinical pain conditions or characterize human-selective compounds (Mao, 2012). Furthermore, the localization of receptors in pre-synaptic and post-synaptic neurons is critical for the activity cycle and nociceptive outputs of several GPCRs (Figure 1). On a cellular level, considerations for the intracellular disposition of analgesics and their ability to regulate receptor trafficking and localization have also recently been proposed to be an important part of the drug discovery process (Jensen et al., 2017; Yarwood et al., 2017; Jimenez-Vargas et al., 2018; Stoeber et al., 2018).
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FIGURE 1. Role of G protein-coupled receptors (GPCRs) in pain and neurogenic inflammation. Injury or damaged tissues and infiltrating immune cells stimulate GPCRs on the peripheral sensory nerve terminals through release of painful and inflammatory mediators. Activated peptidergic and non-peptidergic Aδ and C fibers contribute to the response via the release of glutamate, Substance P (SP) and Calcitonin Gene-Related Peptide (CGRP) at the injury site and central terminals. The presence of endogenous mediators in the spinal cord (neuro- and glio-transmitters) can promote activation and recycling of GPCRs including pre-synaptic CB1/2 cannabinoid and Mu-opioid receptor (MOR)/Delta-opioid receptor (DOR) and the exocytic trafficking of the γ-aminobutyric acidA receptor (GABAR) which is an inhibitory receptor that can normalize neuronal excitability where excitatory neurotransmitters are released. Stimulation and endocytosis of receptors such as Neurokinin 1 Receptor (NK1R) and Calcitonin Receptor-Like Receptor/Receptor Activity-Modifying Protein 1 (CLR/RAMP1) in post-synaptic neurons are known to modify firing frequency and the duration of pain responses (Jensen et al., 2017; Yarwood et al., 2017; Stoeber et al., 2018).





RECEPTOR TRAFFICKING LEADS TO SPATIOTEMPORALLY DISTINCT SIGNALING PROCESSES

GPCRs are highly dynamic proteins that achieve distinct signaling outcomes by adopting different conformational states (Rasmussen et al., 2011; Latorraca et al., 2017). Extracellular ligands that bind cell surface GPCRs promote receptor conformations that activate heterotrimeric G proteins to transduce downstream signaling and also favor phosphorylation by GPCR kinases (GRKs). This phosphorylation occurs primarily at the C-terminus to enhance engagement with β-arrestins (βArrs), which can function as adaptor proteins to mediate distinct signaling processes such as MAPK activity, and also facilitate interactions with clathrin-coated membranes to promote endocytosis into endosomes (Ferguson et al., 1996). This was historically considered to facilitate termination of signaling by targeting receptors to degradative pathways, or rapid receptor recycling to reset the activity cycle during the internalization process, and increase the potential for sustained signaling once the receptor is recovered at the plasma membrane (PM; Ferguson et al., 1996; Shukla et al., 2014).

A more recent theory has emerged, suggesting that a third trafficking possibility exists, whereby receptors can remain on intracellular membranes such as endosomes for sustained periods of time, to facilitate distinct signaling processes in a βArr- or a G protein-dependent manner. This paradigm shift was initially revealed by studies on Gs-coupled receptors such as the parathyroid (PTHR), thyroid-stimulating hormone (TSHR) and β2 adrenergic receptors to demonstrate that endosomal-mediated sustained cyclic adenosine monophosphate (cAMP) production could be observed after endocytosis has occurred (reviewed in detail by Vilardaga et al., 2014; Tsvetanova et al., 2015; Thomsen et al., 2018).

The development of genetically encoded tools such as conformation-selective nanobodies, Förster/Fluorescence Resonance Energy Transfer (FRET) or Bioluminescence Resonance Energy Transfer (BRET) biosensors, have provide highly sensitive approaches for observing and measuring dynamic activation states and spatiotemporal signaling [e.g., compartmentalized cAMP production, Protein kinase C (PKC) and Extracellular signal-regulated kinases (ERK) activity] of GPCRs in real-time (Irannejad et al., 2017; Halls and Canals, 2018). Given the prevalence and importance of trafficking GPCRs in neurons, the internalization and location-specific signaling of several GPCRs with established roles in pain have been described, including but not limited to the Neurokinin 1 Receptor (NK1R), CLR/RAMP1, metabotropic glutamate receptor 5 (mGluR5), chemokine receptor (CCR1), Protease-Activated Receptor 2 (PAR2) and the Mu Opioid Receptor (MOR; Mantyh et al., 1995a; O’Malley et al., 2003; Gilliland et al., 2013; Poole et al., 2015; Jensen et al., 2017; Yarwood et al., 2017; Stoeber et al., 2018). An overview of these trafficking outcomes is summarized in Table 1, to reveal how stimulation with endogenous ligands alters receptor localization in vitro, or in pre-clinical pain models.

TABLE 1. Receptors in pain pathways that undergo stimulation-induced endocytosis.
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LIGANDS EXERT LOCATION BIASED EFFECTS BY ACCESSING DIFFERENT RECEPTOR POOLS

More recently, conformation-selective single-domain camelid antibodies (nanobodies) that can detect and bind active-state receptors have been instrumental for advancing this concept to other organelles. Distinct nanobody clones that are known to engage with the β1 Adrenergic Receptor (β1AR) or MOR have been shown to be recruited to the Golgi apparatus in a GPCR activity-dependent manner independently from initial stimulation at the cell surface. Specifically, this is achieved using relatively lipophilic ligands that can freely diffuse throughout the cell, or hydrophilic compounds that are proposed to access Golgi pools via transporters (Irannejad et al., 2017; Stoeber et al., 2018).

These important pharmacological insights have significant implications for understanding how drugs may exert their effects (or side-effects) and are consistent with other receptors that contribute to pain transmission. For example, endogenous peptide-based enkephalins can stimulate MOR and Delta-Opioid Receptor (DOR) to activate rapid signaling processes in micro-domains of the cell surface and sustained signaling from endosomes (Finn and Whistler, 2001; Groer et al., 2011; Halls et al., 2016; Stoeber et al., 2018), whereas non-peptide opioids such as morphine can freely diffuse through cells to stimulate Golgi pools of the MOR, and initiate a spatiotemporally distinct wave of signaling. The importance of opioid-induced Golgi signaling for analgesia and its association with safety outcomes remains to be determined in vivo (Stoeber et al., 2018).

Under pathological pain conditions, the excitatory mGluR5 has been detected in intracellular locations, including the inner nuclear membrane and endoplasmic reticulum (ER; Jong et al., 2014; Purgert et al., 2014; Vincent et al., 2016, 2017). Stimulated mGluR5 couples with Gαq to evoke cytoplasmic and nuclear calcium mobilization (Jong et al., 2009). Furthermore, in models of spared-nerve injury (Vincent et al., 2016) and inflammatory pain (Vincent et al., 2017), 60% of the mGluR5 receptor population was shown to be localized to the inner nuclear membrane in spinal dorsal horn neurons (Vincent et al., 2016). Importantly, activation of nuclear mGluR5 leads to sustained nuclear Ca2+ signaling, phosphorylation of ERK1/2 and induction of c-fos expression, leading to increased nociceptive hypersensitivity (Lee et al., 2008; Jong et al., 2009; Purgert et al., 2014; Vincent et al., 2016, 2017). Blockade of cell surface mGluR5 by the impermeable antagonist LY393053 resulted in limited analgesia and modest reductions in second messenger coupling. In contrast, the membrane-permeable antagonist fenobam significantly reduced mechanical allodynia, MAP kinase (ERK1/2) phosphorylation and c-fos expression in a spared-nerve injury pain model. Although these differences may be caused by a range of factors including drug disposition and differences in potencies, it may also provide indirect evidence for the initiation of distinct mGluR5-dependent pain responses from different cellular locations (Lax et al., 2014; Vincent et al., 2016, 2017). Focused drug discovery around cell-permeant compounds biased toward intracellular mGluR5 pools is warranted and may lead to new opportunities for targeting glutamate signaling for analgesia.



MODIFYING INTRINSIC DRUG PROPERTIES TO INFLUENCE LOCATION BIAS

The studies above suggest that GPCRs that undergo endocytosis may be modulated more effectively by ligands that can diffuse to intracellular sites. This raises questions about whether the intrinsic properties of analgesic agents can be enhanced by chemical modification, to increase activity or partitioning into membranes where GPCRs are known to initiate signals associated with pain.


Lipid-Anchored Ligands for Increased Endosomal Accumulation

The NK1R, has an established role in pain transmission and is well known to internalize when stimulated by the neurotransmitter, Substance P (SP). Peripheral inflammation-induced either acutely with intraplantar capsaicin or over sustained periods with Complete Freund’s Adjuvant, leads to pre-synaptic release of SP from primary afferent terminals onto the dorsal horn, and evokes robust NK1R internalization in Lamina I and II neurons of the spinal cord (Mantyh et al., 1995a; Abbadie et al., 1996, 1997; Jensen et al., 2017). Analogous to the endosomal signaling phenomena described above, it has also recently been reported that NK1R can mediate compartmentalized signaling processes including sustained PKC, nuclear ERK activity and cAMP production, in a clathrin/dynamin and βArr-dependent manner (Jensen et al., 2014, 2017; Poole et al., 2015). Similarly, CLR/RAMP1 which has an established role in central pain transmission and migraine pain (Lee and Kim, 2007; Bell, 2014), can undergo a CGRP-mediated redistribution into endosomes in HEK cells (Padilla et al., 2007) and in spinal cord sections (Yarwood et al., 2017). In vitro studies to clarify CLR/RAMP1-mediated compartmentalized signaling also showed that endocytosed receptor is associated with sustained nuclear ERK activity, cytosolic PKC activity and cytosolic cAMP production in HEK cells, and mediates sustained neuronal excitation in electrophysiological studies on rat spinal cord slices (Yarwood et al., 2017).

To demonstrate a similar potential for targeting endosomal receptor populations in peripheral neurons, PAR2 expressed on primary afferents is proposed to mediate inflammatory pain responses and its activity is strongly associated with irritable bowel syndrome (IBS). PAR2 signaling is also a stimulation-dependent process, where cleavage by different proteases can lead to distinct trafficking and location-based signaling outcomes. Trypsin proteolytically cleaves the extracellular amino terminus to activate PAR2 and promote PAR2 internalization into endosomes (DeFea et al., 2000; Ricks and Trejo, 2009). Endosomal PAR2 continues to signal through nuclear ERK and cytosolic PKC (Jimenez-Vargas et al., 2018). In contrast, elastase and cathepsin S mediated cleavage of the N-terminus activates PAR2 but does not stimulate PAR2 endocytosis (Zhao et al., 2014, 2015). Consequently, PM-delimited PAR2 signaling is relatively transient and is proposed to only mediate sustained signaling via activation of downstream effectors such as TRPV1 and TRPV4 ion channels (Poole et al., 2013; Jimenez-Vargas et al., 2018).

These data indicate that the internalization of excitatory GPCRs into endosomes may be associated with the generation of spatiotemporally distinct signaling profiles (Jensen et al., 2017; Yarwood et al., 2017; Jimenez-Vargas et al., 2018). Paradoxically, these internalized signaling processes are associated with persistent hyper-excitability of nociceptors and enhanced pain transmission through mechanisms that are not entirely clear, but require sustained kinase activity (Thomsen et al., 2018).

Pharmacological strategies have been employed to understand the importance of location bias of these receptors in pain transmission. Chemical modification by conjugation to the sterol cholestanol has previously been used by Simons and colleagues as a strategy to increase membrane affinity and the endosomal accumulation of a β-secretase transition state inhibitor (Rajendran et al., 2008). Using a similar lipid-anchor approach, antagonists for NK1R, CLR/RAMP1, and PAR2 were functionalized with the sterol moiety cholestanol, separated by a flexible polyethylene glycol (PEG12) linker. Focusing on the NK1R peptide antagonist spantide I (Jensen et al., 2017), the CLR/RAMP1 peptide antagonist CGRP8–37 (Yarwood et al., 2017) and I-343, a small molecule PAR2 antagonist (Jimenez-Vargas et al., 2018), the lipid anchor increased efficacy at the PM for all three compounds, and promoted incorporation and accumulation into endosomes, and is proposed to be maintained on the outer leaflet of membranes to target extracellular GPCR binding pockets, that are also accessible within the lumen of endosomes. This resulted in greater antagonism of endosomal-delimited signaling processes and more effective analgesia relative to unlipidated control compounds.

Alternative membrane-targeted antagonists have been developed for GPCRs, and the best studied of these are pepducins. Using peptides antagonists based on the sequences of GPCR intracellular domains to competitively bind G protein coupling, pepducins are anchored to membranes by chemical modification with palmitic acid (Covic et al., 2002), and these palmitoylated peptides have been proposed to flip to the inner leaflet of the PM to provide cell surface-delimited signaling inhibition. Pepducins are efficacious in inflammatory models (edema, osteoarthritis, sepsis) by selectively targeting GPCRs including PARs (PAR1, 2, 4) and chemokine receptors (CXCR1, 2, 4; Tressel et al., 2011; Tsuji et al., 2013).

Together, these studies support the use of lipid conjugation as a strategy for modifying the location biased profiles of drugs. The lipophilic properties of the anchor dominate the membrane partitioning of ligands, even hydrophobic small molecules, and are therefore a critical determinant for achieving unique membrane distributions, to improve ligand efficacy at specific subcellular locations (Figure 2). While pepducins have entered clinical trials (Gurbel et al., 2016), cholestanol conjugates that lead to the accumulation of ligands in endosomes have not advanced beyond pre-clinical pain models, but suggest that targeting endosomes through drug delivery strategies may be a useful therapeutic approach for the management of pathological pain.
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FIGURE 2. GPCR localization influences compartmentalized signaling and neuronal hyper-excitability. Activation of GPCRs on central neurons by extracellular neuropeptides (e.g., NK1R or CL/RAMP1) initiates cell surface-delimited G protein-dependent signaling events. This is followed by GPCR kinase (GRK) phosphorylation, arrestin-binding, and clathrin-mediated endocytosis into endosomes to promote the recruitment of unique signaling complexes and drive spatiotemporally distinct signaling that is associated with sustained excitability of neurons in spinal cord slice preparations (Jensen et al., 2017; Yarwood et al., 2017). Lipid conjugation can influence membrane partitioning of antagonists. Palmitoylated pepducins are proposed to inhibit G protein-mediated inflammatory processes on the cytoplasmic interface of the plasma membrane (PM); whereas the sterol moiety cholestanol increases drug accumulation in endosomes to enhance inhibition of sustained endosomal-delimited signaling.





Modifying pH-Sensitivity of MOR-Opioid Interactions

Increasing ligand selectivity for GPCR binding under acidic conditions is a potential alternative strategy for favoring the modulation of GPCRs in endosomes. Relative to the physiological pH of the extracellular environment, trafficking proteins are exposed to an increasingly acidic gradient, as cargo is sorted deeper into the endosomal network. The reduction in pH increases proteolytic activity, which is essential for lysosomal protein degradation, and also for modulating the activity and presence of peptides such as SP or CGRP in endosomal compartments (Padilla et al., 2007).

With a need to reduce opioid-MOR interactions that lead to on-target side effects such as sedation, addiction and constipation, Stein and colleagues recently explored the potential for a pH-sensitive analog of the MOR agonist fentanyl to selectively engage with MOR only in pathological conditions, where acidosis is likely to occur (Spahn et al., 2017). The acid dissociation constant (pKa) of fentanyl is >8 and can activate MOR in physiological conditions (pH 7.4) and between pH 5 and 7, being the expected pH range within the microenvironment of inflamed tissue (Ludwig et al., 2003; Thurlkill et al., 2005). It was therefore hypothesized that reducing the pKa of fentanyl >7 by replacement of side-chain hydrogens would favor binding exclusively in pathological conditions.

Utilizing atomic-level structural information for MOR (Manglik et al., 2012) hydrogen replacement fentanyl analogs were designed and binding energies were measured in computational simulations, to identify candidates for further in vitro testing and assessment in pain models. The substitution of hydrogen by fluorine resulted in the development of (±)-N-(3-fluoro-1-phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP) with a pKa of 6.8 (Spahn et al., 2017). NFEPP and fentanyl were intravenously administered and compared using two models of persistent or acute inflammatory pain (Spahn et al., 2017) and more recently in neuropathic and abdominal pain in rats (Rodriguez-Gaztelumendi et al., 2018). Fentanyl produced analgesia in both injured and non-injured tissue. However, NFEPP analgesia was restricted to inflamed, acidic tissues. High doses of fentanyl induced respiratory depression, sedation and CNS-associated side-effects such as decrease of defecation, heart rate, and blood oxygen saturation, whereas NFEPP did not (Spahn et al., 2017; Rodriguez-Gaztelumendi et al., 2018).

These studies demonstrate the importance of protonation of ligands for receptor binding and activation, and the potential to modulate receptor affinity at pathological pH, thus limiting on-target side effects and unwanted MOR interactions in healthy tissues. The pH range of endosomes is comparable to inflamed tissue and hence, further in vitro studies may be useful to determine if the properties of NFEPP also enhance binding with endosomal receptor pools. Furthermore, if NFEPP maintains its ability to partition into membranes to access and activate the Golgi pool of MOR, this may suggest that MOR activation in the Golgi is favorable for analgesia, rather than being associated with poor safety outcomes.




CONCLUDING REMARKS

The signaling and trafficking of GPCRs is important for mediating physiological processes at the PM and can also drive distinct, compartmentalized signaling events from intracellular sites. In the context of pain, defining this relationship may provide significant opportunities for neuropharmacology and analgesic drug discovery. However, while this may provide important insights that pinpoint discrete signaling outcomes most closely associated with modulating pain behaviors, or favorable drug properties that achieve analgesia while avoiding safety issues, it also critical to translate these proof of concept studies to human tissues and diseases. It remains unknown (and very challenging), for example, to demonstrate how the Golgi-specific MOR-signaling component influences analgesia or other side-effects in animals or humans, or if pH-sensitive fentanyl analogs provide genuine advantages over the parent compound in humans with chronic pain.

Although a relatively new phenomenon, ligands that have been identified or modified to possess unique location-biased properties have provided both interesting and valuable proof of concept findings that warrant further investigation. This includes receptors discussed in this review article and many others that contribute to pain in both neurons and non-neuronal cells that drive signaling processes that lead to sustained pain. With the availability of powerful new technologies and biophysical tools, it is predicted that further in-depth compartmentalized signaling-focused drug discovery studies on other trafficking receptors will provide many more valuable insights and other location-specific drug targets.
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Opioid activation of the mu opioid receptor (MOR) promotes signaling cascades that evoke both analgesic responses to pain and side effects like addiction and dependence. Manipulation of these cascades, such as by biased agonism, has great promise to improve opioid therapy. However, the signaling cascades of the MOR are in general poorly understood, providing few targets for drug development. In our earlier work, we identified Heat shock protein 90 (Hsp90) as a novel and crucial regulator of opioid anti-nociception in the brain by promoting ERK MAPK activation. In this study, we sought to identify the molecular isoforms and co-chaperones by which Hsp90 carried out this role, which could provide specific targets for future clinical intervention. We used novel selective small molecule inhibitors as well as CRISPR/Cas9 gene editing constructs delivered by the intracerebroventricular (icv) route to the brains of adult CD-1 mice to target Hsp90 isoforms (Hsp90α/β, Grp94) and co-chaperones (p23, Cdc37, Aha1). We found that inhibition of the isoform Hsp90α fully blocked morphine anti-nociception in a model of post-surgical paw incision pain, while blocking ERK and JNK MAPK activation, suggesting Hsp90α as the main regulator of opioid response in the brain. We further found that inhibition of the co-chaperones p23 and Cdc37 blocked morphine anti-nociception, suggesting that these co-chaperones assist Hsp90α in promoting opioid anti-nociception. Lastly, we used cycloheximide treatment in the brain to demonstrate that rapid protein translation within 30 min of opioid treatment is required for Hsp90 regulation of opioid response. Together these studies provide insight into the molecular mechanisms by which Hsp90 promotes opioid anti-nociception. These findings thus both improve our basic science knowledge of MOR signal transduction and could provide future targets for clinical intervention to improve opioid therapy.
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INTRODUCTION

The mu opioid receptor (MOR) evokes complex signal transduction cascades upon activation by opioid ligands like morphine. For decades now it has been understood that the MOR represses cAMP production by inhibiting adenylyl cyclase via the GαI subunit, and activates G protein-coupled inwardly-rectifying potassium channels via the Gβ/γ subunit, which summate on neuronal hyperpolarization and subsequent inhibition of nociceptive inputs (Al-Hasani and Bruchas, 2011). However, it is clear that signaling regulators beyond this simple cascade have a strong impact on opioid anti-nociception and side effects, including other G proteins, ERK MAPK (Macey et al., 2009), Src (Zhang et al., 2017), CaMKII (Li et al., 2016), RSK2 (Darcq et al., 2012), and others. These signaling regulators could provide important targets for opioid drug development; for instance βarrestin2 was shown to reduce opioid anti-nociception while promoting side effects like tolerance and dependence, leading to the development of βarrestin2 biased agonists with reduced side effects (Bohn et al., 1999; Raehal et al., 2005; Dewire et al., 2013; Manglik et al., 2016; Schmid et al., 2017). However, in general, the mechanisms by which these signaling regulators impact opioid physiology are not known, and very few targets like βarrestin2 have been validated for drug development (Al-Hasani and Bruchas, 2011; Olson et al., 2017). This gap illustrates the need for investigation into the signalosome of the MOR and the mechanisms by which these regulators impact opioid physiology.

To this end, in our earlier work, we identified the central signaling regulator Heat shock protein 90 (Hsp90) as a novel and crucial regulator of opioid signaling in the brain, that promoted opioid anti-nociception by promoting ERK MAPK activation (Lei et al., 2017). Hsp90 is a major regulator of protein folding via chaperone activity in concert with other Hsps like Hsp70 (Li and Buchner, 2013). However, Hsp90 also has a major role in signal transduction by regulating signaling molecule localization, complex/scaffold formation, and acute signaling activation (Streicher, 2019). Despite the importance of Hsp90 in regulating signaling, only two previous studies directly linked Hsp90 to opioid signaling. An in vitro study found that Hsp90 inhibition decreased cAMP superactivation, a marker for opioid dependence (Koshimizu et al., 2010); supporting these findings, an in vivo mouse study found that injection of Hsp90 inhibitor reduced the somatic signs of morphine withdrawal (Abul-Husn et al., 2011). Our study was thus the first to directly link Hsp90 regulation of MOR signaling to opioid anti-nociception.

Our study did show that Hsp90 inhibition very strongly decreased morphine anti-nociception in models of acute and chronic pain, and identified a signaling mechanism via ERK MAPK (Lei et al., 2017). However, this study only took the first small step in identifying the role of Hsp90 in regulating opioid signaling. We used the ATP-pocket inhibitor 17-AAG, which is non-selective between the four Hsp90 isoforms (Hsp90α/β, Grp94, TRAP1). These isoforms differ in their subcellular localization and protein targets, with Hsp90α/β localized to the cytoplasm, Grp94 to the endoplasmic reticulum, and TRAP1 to the mitochondria (Liu et al., 2015; Kim et al., 2016; Mishra et al., 2017). We also did not identify any of the crucial co-chaperones, which mediate and target the specific activity of Hsp90 in different cells and tissues (Li and Buchner, 2013). Co-chaperones have specific roles, like Cdc37 having a key role in signaling kinase targeting, suggesting their possible involvement in MOR signaling (Hinz et al., 2007). Identifying the isoforms and co-chaperones involved in Hsp90 regulation of opioid signaling will thus reveal key details of the molecular mechanism by which Hsp90 promotes anti-nociception. Identifying these refined molecular targets could also provide more selective targets for clinical intervention, which has been done in an analogous way for Hsp70 (Assimon et al., 2013, 2015).

In this study, we thus sought to identify specific Hsp90 isoforms and co-chaperones responsible for the promotion of opioid anti-nociception by Hsp90. We utilized novel selective inhibitors and in vivo CRISPR/Cas9 gene editing in the brains of adult CD-1 mice to test Hsp90 isoforms (Hsp90α/β, Grp94) and co-chaperones (p23, Cdc37, Aha1). Through these studies, we found that the isoform Hsp90α and the co-chaperones p23 and Cdc37 strongly promoted MOR signaling and opioid anti-nociception in the brain. These findings expand our knowledge of the specific molecular mechanisms by which Hsp90 regulates opioid anti-nociception, and could provide more selective targets for clinical intervention.



MATERIALS AND METHODS


Drugs

KUNA115 (Mishra et al., under review), KUNB106 (Mishra et al., in press), KUNG65 (compound 30 in Crowley et al., 2017), KU-32 (compound A4 in Ansar et al., 2007), and KU177 (compound 12c in Zhao et al., 2011) were synthesized by the Blagg laboratory using the cited protocols. The identity of the ligands was confirmed by high resolution mass spectrometry and nuclear magnetic resonance, while the purity of the compounds was confirmed to >95% by high performance liquid chromatography. Gedunin (#33-871-0), Celastrol (#32-031-0), 17-AAG (#AAJ66960MC), and Cycloheximide (#AC357420010) were obtained from Fisher Scientific. DAMGO (#1171) was obtained from Tocris/R&D. Morphine sulfate pentahydrate was obtained from the NIDA Drug Supply Program. All compounds except for DAMGO and morphine were prepared as DMSO stock solutions and diluted into a vehicle solution prior to injection. DAMGO was prepared in a stock solution of sterile USP water and morphine in sterile USP saline; morphine was prepared fresh prior to each experiment. Matched vehicle controls were included for each drug injection. The vehicles used were: 2% DMSO and 98% sterile USP water for KUNA115, KUNB106, KUNG65, KU177, Cycloheximide; 1% DMSO and 99% sterile USP water for KU-32 and 17-AAG; 10% DMSO, 10% Tween80, and 80% sterile USP water for gedunin and celastrol; sterile USP water for DAMGO; and sterile USP saline for morphine. Drug powders were stored at −20°C under desiccation or as recommended by the manufacturer, and stock solutions were stored at −20°C.



CRISPR/Cas9 DNA Constructs

CRISPR gene editing constructs were obtained from Genecopoeia as all-in-one DNA vectors containing universal promoters driving expression of the gRNA and Cas9 gene, along with a neomycin resistance gene for mammalian cell selection and an mCherry gene for visualization (pCRISPR-CG vector). The constructs were pre-designed by Genecopoeia to target each mouse gene. They included a universal negative control vector that expresses all the same elements with a non-targeting gRNA (#CCPCTR01-CG01-B), and constructs to target Hsp90α (#MCP229411-CG01), p23 (#MCP232080-CG12), Cdc37 (#MCP231406-CG12), and PEBP1 (#MCP231756-CG01) as a further negative control.

Each DNA vector was amplified for use using standard bacterial transformation, and an endotoxin-free maxi-prep kit to reduce inflammation upon injection. Each vector was also validated by restriction digest. The Hsp90α vector was validated in an in vitro experiment. Mouse 66.1 breast cancer cells were cultured as described in Edwards et al. (2018). The cells were electroporated with 10 μg of DNA per cuvette, then selected with 500 μg/ml of G418 until the cells recovered and began growing again. At this point, the cells were harvested and analyzed by Western blot as described below. The in vivo delivery and validation of all vectors are also described below.



Animals

Male and female CD-1 (a.k.a. ICR) mice from 4 to 8 weeks of age were used for all experiments and were obtained from Charles River Laboratories. The mice were recovered for at least 5 days after shipping prior to use and housed no more than five per cage. All mice were housed in the University of Arizona’s AAALAC-accredited vivarium with temperature and humidity control, 12 h light/dark cycles, and standard chow and water available ad libitum. All experiments performed were approved by the University of Arizona’s IACUC, and all experiments were in accordance with the NIH Care and Use of Laboratory Animals handbook.



Paw Incision Model

Mice were randomly assigned to experimental groups in age-matched cohorts, and the experimenter was blinded to treatment group identity by the delivery of coded drug vials. We utilized a post-surgical paw incision pain model, with the surgery performed as described in our earlier work (Lei et al., 2017). Drugs or CRISPR DNA constructs were delivered by the intracerebroventricular (icv) route in a 5 μl volume, also performed as described in Lei et al. (2017). For drug treatments, the paw incision surgery was performed, and while the mice were still under anesthesia, an icv injection of inhibitor drug or vehicle was performed. The mice then recovered from both the surgery and injection for 1 or 24 h prior to opioid injection and pain measurement. For CRISPR experiments, 4 μg of DNA was complexed with Turbofect in vivo transfection reagent (#FERR0541 from Fisher Scientific) according to the manufacturer’s instructions and injected icv daily from days 1 to 3. The mice then recovered, with the paw incision surgery performed on day 9 and opioid injection and pain measurement performed on day 10. Our in vivo CRISPR protocol is based on the protocol reported in Sandweiss et al. (2017).

Mechanical pain/allodynia on the incised paw was measured using Von Frey filaments with the up-down method, as performed in our earlier work and the literature (Chaplan et al., 1994; Lei et al., 2017; Edwards et al., 2018). Pre- and post-CRISPR and pre- and post-surgical baselines were measured to determine any impact of the treatment on baseline responses prior to the injection of morphine. Mechanical allodynia was measured in a 2–3 h time course after the injection of morphine.



Signaling Protein Analysis by Western Blot

To analyze brain signaling changes, mice were injected icv with KUNA115 as above for 24 h, followed by icv injection of DAMGO for 10 min. The mice were sacrificed by rapid cervical dislocation, and the periaqueductal gray (PAG) region was rapidly dissected on an ice-cooled metal block and snap-frozen in liquid nitrogen. G418-selected populations of 66.1 cells transfected with CRISPR constructs described above were also harvested for protein analysis. The cells were washed with ice-cold dPBS and the cells recovered by adding lysis buffer and scraping with a plastic cell spatula. The methods for protein extraction from both brain regions and cell lysates, the composition of our lysis buffer, and the protocol for performing the Western blot are all reported in our earlier work (Lei et al., 2017).

We used the following antibodies for our Western analysis: phospho-Akt (#50-191-224, Fisher Scientific); total-Akt (#50-190-279, Fisher Scientific); phospho-ERK (#50-191-932, Fisher Scientific); total-ERK (#50-191-129, Fisher Scientific); phospho-JNK (#9255, Cell Signaling); total-JNK (#9252, Cell Signaling); Hsp70 (#4872, Cell Signaling); STAT3 (#9139, Cell Signaling); GAPDH (#PIMA515738, Fisher Scientific); Hsp90α (#MA110892, Fisher Scientific); and mCherry (#NBP196752SS, Fisher Scientific). The antibodies were generally used at 1:1,000 in 5% BSA in TBST rocking overnight at 4°C. We used goat anti-rabbit or goat anti-mouse IRDye 680 or 800 secondary antibodies from LiCor Biosciences at 1:5,000–10,000 in 5% non-fat dry milk in TBST at room temperature for 1 h. The resulting data was imaged using an Odyssey Fc imager from LiCor Biosciences. The data were quantitated using Scion Image, derived from NIH ImageJ. Phospho-protein signal was normalized to total protein signal from the same sample (e.g., pERK normalized to tERK), while total protein signal was normalized to the housekeeping gene GAPDH (e.g., STAT3 normalized to GAPDH). These normalized data were further normalized to the vehicle-treated control animals within each experiment.



Immunohistochemistry

CRISPR-mediated knockdown in the brain of the target proteins Hsp90α, p23, and Cdc37 was validated post hoc in treated mice as above using immunohistochemistry. The mice were first perfused with 4% paraformaldehyde in saline, and the brains removed and frozen as a block in OTC medium. The brains were sectioned using a cryotome with 20 μm sections and mounted on Leica Xtra slides (#NC0215141, Fisher Scientific); the frozen sections were dried at room temperature for 15 min and stored at −20°C until use.

For Hsp90α: sections warmed to room temperature, then washed in TBS (20 mM Tris, 150 mM NaCl, pH 7.2) for 10 min. Blocked for 2 h in a humidified chamber at room temperature (10% goat serum, 0.3% Triton-X100 in TBS). Incubated with primary antibody (#380-003, Synaptic Systems) at 1:50 in 5% goat serum, 0.3% Triton-X100 in TBS overnight at 4°C. Washed 3 × 10 min in TBS, followed by anti-rabbit Alexa 488 secondary antibody (#A11034, Fisher Scientific) at 1:200 in 5% goat serum, 0.3% Triton-X100 in TBS for 1 h at room temperature. The slides were then washed 3 × 10 min in TBS, dried at room temperature for 10 min, then mounted.

For p23 and Cdc37: sections warmed to room temperature, then washed in phosphate buffered saline (PBS) for 10 min. Heat-induced antigen retrieval performed for 20 min at 95°C in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween20, pH 6.0). The slides were cooled to room temperature for 20 min, then washed in PBS with 0.1% Tween20 (PBST) twice, and PBS once. The sections were then blocked for 30 min in a humidified chamber at room temperature [3% fetal bovine serum (FBS) in PBS]. After blocking, the sections were incubated with primary antibody overnight at 4°C (p23-1:1,000 of #MA3414 from Fisher Scientific; Cdc37-1:100 of #MA3029 from Fisher Scientific; both in 3% FBS in PBS). The slides were then washed 3 × 10 min in PBST, followed by secondary antibody at room temperature (p23-1:200 of anti-mouse Alexa594, #A11032 from Fisher Scientific, in 3% FBS in PBS for 1 h. Cdc37-1:200 of anti-mouse Alexa488, #A11031 from Fisher Scientific, in 3% FBS in PBST for 30 min). The slides were then washed 3 × 10 min in PBST and dried at room temperature for 10 min before mounting.

All sections were imaged using a standard fluorescent microscope using the appropriate filters for Alexa488 (blue/green) and Alexa594 (green/red). The knockdown of all targets was broadly apparent across the brain. The pontine reticular nucleus (PRN) was chosen as the site of imaging and quantitation. Images were taken from 4 to 6 adjacent sections from each animal. The fluorescence intensity divided by the area of the image was calculated for each section, and the 4–6 sections per animal averaged to produce a single mean value counted as N = 1.



Data Analysis

All data is reported as the mean ± SEM. All statistical analysis was performed using GraphPad Prism 8.0. All behavioral data is reported as raw threshold values without normalization; Western blot and immunohistochemistry data normalized as described in those sections above. Statistical comparisons for behavioral data and ERK/JNK/Akt Western data performed using a two-way ANOVA with Fisher’s Least Significant Difference post hoc test. Comparisons of immunohistochemistry data and Hsp70/STAT3 Western data performed using an Unpaired 2-Tailed t-test. In all cases significance was set as a p-value of <0.05. For the dose/response experiment using KUNA115, the area under the curve (AUC) was calculated for each dose and treatment using Prism 8.0, and graphed by log dose and treatment group. Linear regression analysis was performed, and the parameters of those fitted lines used to calculate the potency (A50) as previously described (Lei et al., 2017). The sample sizes and technical replicates for each experiment are described in the Figure Legends.




RESULTS


Isoform-Selective Inhibitor Screen Identifies Hsp90α

To identify the active Hsp90 isoform in regulating opioid anti-nociception in the brain, we performed a screen of isoform-selective small molecule inhibitors. KUNA115 is selective for Hsp90α (Mishra et al., under review), KUNB106 for Hsp90β (Mishra et al., in press), and KUNG65 for Grp94 (Crowley et al., 2017). All inhibitors were delivered at a screening dose of 0.1 nmol by the icv route for 24 h, a model predicated on our earlier studies with the non-selective Hsp90 inhibitor 17-AAG (Lei et al., 2017). Over a full morphine dose range of 1–10 mg/kg, we found that KUNA115 strongly blocked morphine anti-nociception in paw incision pain, suggesting the involvement of the isoform Hsp90α (Figure 1A). Dose/response analysis for this experiment revealed an A50 potency value of morphine of 8.95 mg/kg for Vehicle-treated mice, in line with literature values, validating the experiment (Figure 1B). The dose/response curve for KUNA115 meanwhile was so flat it did not give a feasible value (calculated A50 of 88, 139, 382 mg/kg; Figure 1B). These results show that an Hsp90α-selective inhibitor strongly blocked morphine anti-nociception in this pain model in line with our previous results using a non-selective inhibitor (Lei et al., 2017). We also found a similar result with female mice, suggesting no sex differences with this target and model (Figure 1C).
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FIGURE 1. Heat shock protein 90 (Hsp90) isoform-selective inhibitor screen identifies Hsp90α in promoting opioid anti-nociception in the brain. CD-1 mice had the paw incision surgery performed, with concurrent injection of vehicle or 0.1 nmol of inhibitor intracerebroventricular (icv). Mice recovered 24 h, followed by sc injection of morphine. Mechanical thresholds measured before and after surgery, and in a time course after morphine injection. Pre- and post-surgery baselines did not differ for any group (p > 0.05). All data reported as the mean ± SEM, with sample sizes of mice/group noted in each graph. All statistics performed by two-way ANOVA with Fisher’s Least Significant Difference post hoc test. (A) Male mice tested with KUNA115 (Hsp90α selective) and a 1–10 mg/kg morphine dose range. *,***,****p < 0.05, 0.001, 0.0001 between Veh and KUNA groups at same time point at 10 mg/kg; #,###,####p < 0.05, 0.001, 0.0001 between Veh and KUNA groups at same time point at 3.2 mg/kg; &,&&,&&&p < 0.05, 0.01, 0.001 between Veh and KUNA groups at same time point at 1 mg/kg. Performed in 2–3 technical replicates. (B) Dose/response curves constructed from the data in (A) and analyzed as described in “Materials and Methods” section. A50: Vehicle = 8.95 mg/kg; KUNA115 = 88, 139, 382 mg/kg (too flat for accurate calculation). (C) KUNA115 experiment performed in female mice with 3.2 mg/kg morphine. Performed in one technical replicate. For remaining graphs: *,**,***,****p < 0.05, 0.01, 0.001, 0.0001 vs. same time point inhibitor treatment group. (D) Male mice tested with KUNB106 (Hsp90β selective) with 3.2 mg/kg morphine. Performed in two technical replicates. (E) Male mice tested with KUNG65 (Grp94 selective) with 3.2 mg/kg morphine. Performed in three technical replicates. (F) Male mice tested with KU-32 (non-selective) with 3.2 mg/kg morphine. Performed in two technical replicates. (G) Male and female mice had paw incision performed, with 23 h recovery. KUNA115 or Vehicle then injected as above, with 1 h treatment prior to 3.2 mg/kg morphine. Performed in two technical replicates. (H) Male and female mice had KUNA115 or Vehicle injected as above with a 24 h recovery. Pre- and post-injection baselines measured without any surgery, pain state, or opioids present. Performed in two technical replicates by different experimenters.



When we tested the other isoform-selective inhibitors, we found no differences for KUNB106 (Hsp90β; Figure 1D) and KUNG65 (Grp94; Figure 1E). These results do suggest that Hsp90α alone is active in the brain for opioid signaling regulation. As a further control, we tested the impact of an alternate site inhibitor KU-32, which binds to the C-terminal region of Hsp90 unlike the ATP pocket targeted 17-AAG but is similarly non-selective between isoforms (Ansar et al., 2007). The results with KU-32 are the same as for KUNA115 above and 17-AAG (Lei et al., 2017), further validating the results and suggesting a bona fide role for Hsp90 in regulating opioid anti-nociception (Figure 1F).

We also performed additional experiments to further define the impact of KUNA115/Hsp90α on opioid anti-nociception. All experiments above were carried out with a 24 h recovery, leaving the time course of KUNA115 unknown. We thus performed a paw incision experiment as above with only a 1 h KUNA115 treatment; this resulted in a strong loss of morphine anti-nociception, similar to the 24 h results above (Figure 1G). This finding suggests that KUNA115 has a relatively rapid onset that is sustained for 24 h or more. We also controlled for potential impacts of KUNA115 on mechanical thresholds without pain or opioids present. We found that a 24 h KUNA115 treatment as above had no impact on baseline mechanical thresholds, suggesting the results above are due to a specific impact on the opioid system (Figure 1H). This conclusion is further supported by our earlier work in which we found no impact of Hsp90 inhibitor treatment on motor performance in the Rotarod test (Lei et al., 2017).



Hsp90α Regulates Opioid Signal Transduction

We next sought to measure the impact of Hsp90α-selective inhibition on opioid signaling. We combined KUNA115 treatment with DAMGO stimulation in the brain, which is a highly selective, potent, and efficacious MOR agonist. We analyzed ERK and JNK MAPK, Akt, Hsp70, and STAT3 by Western blot in the PAG region of the brain (Figure 2A). This region was chosen based on our earlier studies using non-selective inhibitors (Lei et al., 2017); the PAG is also a key region in the pain modulatory circuitry (Heinricher et al., 2009). We found that both ERK and JNK MAPK phosphorylation was stimulated by DAMGO in Vehicle-treated mice, however, stimulation over baseline was lost with KUNA115 treatment (Figure 2B). With JNK MAPK, KUNA115 significantly raised the unstimulated baseline, as we saw for ERK MAPK with 17-AAG treatment (Lei et al., 2017). With the kinase Akt, KUNA115 treatment tended to increase both unstimulated and DAMGO-stimulated phospho-Akt levels, so that the KUNA115/DAMGO group was significantly elevated over Vehicle/Vehicle baseline (Figure 2B). Lastly, KUNA115 treatment had no impact on Hsp70 protein levels, unlike 17-AAG treatment (Lei et al., 2017), while it significantly decreased total protein levels of the signaling regulator STAT3 (Figure 2B). Together these results demonstrate that Hsp90α has a specific role in regulating opioid signal transduction in the brain suggesting potential involvement in opioid anti-nociception, similar to what we showed for 17-AAG treatment and ERK MAPK (Lei et al., 2017).
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FIGURE 2. Hsp90α regulates opioid signal transduction in the brain. Male CD-1 mice had vehicle or 0.1 nmol KUNA115 injected icv, 24 h, followed by vehicle or 0.1 nmol DAMGO icv, 10 min. Periaqueductal gray region analyzed by Western blot. All data reported as the mean ± SEM, with sample sizes of mice/group noted in each graph; all experiments performed in four technical replicates. For ERK, JNK and Akt, data analyzed by two-way ANOVA with Fisher’s Least Significant Difference post hoc test; **,***,****p < 0.01, 0.001, 0.0001 vs. Vehicle:Vehicle group. For Hsp70 and STAT3 data analyzed by Unpaired 2-Tailed t-test; *p < 0.05 vs. same target Vehicle group. (A) Representative sample blots shown for each target, with MW indicated for each protein. Each pair of images for one target (e.g., p-Akt) were from the same blot, but discontinuous, so they are separated to denote this fact. (B) All Western data quantitated by target. ERK, JNK, and Akt are phosphorylated protein signal normalized to total protein. Hsp70 and STAT3 are normalized to GAPDH. KUNA115 treatment caused a loss of ERK and JNK stimulation over baseline by DAMGO, and a loss of STAT3 protein expression.





CRISPR Knockdown of Hsp90α in Adult Mouse Brain

To confirm the role of Hsp90α in regulating opioid anti-nociception, we used CRISPR/Cas9 DNA constructs to knockdown Hsp90α protein expression broadly across the brain in adult mice (similar approach to Sandweiss et al., 2017). We first validated our CRISPR construct in vitro using mouse 66.1 cells. Transfection of a negative control CRISPR vector or a vector targeting the protein PEBP had no impact on Hsp90α protein levels, while our vector targeting Hsp90α reduced protein levels by ~90% (Figure 3A). We could also detect expression of the mCherry protein in all cells with a CRISPR vector, verifying successful transfection of all constructs (Figure 3A).
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FIGURE 3. CRISPR/Cas9 gene editing of Hsp90α in adult mouse brain. CRISPR constructs for all targets prepared and delivered as described in “Materials and Methods” section. All quantitative data reported as mean ± SEM. (A) Hsp90α CRISPR construct validated in 66.1 cells. Western blot shown with replicate wells of cells in each lane, with MW indicated for each target. Hsp90α protein levels reduced by ~90% only in the presence of Hsp90α-targeted CRISPR construct. Other constructs (Negative Control, PEBP) have no effect. mCherry protein levels are present in all transfected cells, demonstrating successful transfection of CRISPR DNA. (B) Hsp90α or negative control CRISPR delivered to CD-1 male mouse brains and analyzed for protein knockdown on day 10. Representative images shown from pontine reticular nucleus (PRN) and periaqueductal gray (PAG). Hsp90α (green signal) is present in cell bodies and dendritic trees, and the signal is reduced by CRISPR treatment. (C) Quantitation of all data from (B) performed as described in “Materials and Methods” section. Sample size of mice/group noted in graph. **p < 0.01 vs. Negative Control group by Unpaired 2-Tailed t-test. Mice treated in one technical replicate, with the resulting tissue stained and analyzed in more than one technical replicate. CRISPR treatment reduced Hsp90α signal by 43.9%. (D) CRISPR-treated CD-1 male mice had paw incision surgery performed on day 9, with injection of 3.2 mg/kg morphine sc on day 10. Sample size of mice/group noted in graph, performed in two technical replicates. *,**,***p < 0.05, 0.01, 0.001 vs. same time point Hsp90α group by two-way ANOVA with Fisher’s Least Significant Difference post hoc test.



We next treated mice with the Hsp90α or negative control CRISPR vectors as described in the “Materials and Methods” section, and validated successful target knockdown by immunohistochemistry. We found broad knockdown across the entire brain and selected the PRN and PAG for analysis. We could detect a strong signal in both cell bodies and apparent dendritic fields that was strongly reduced by Hsp90α CRISPR treatment (Figure 3B). Quantitation of fluorescent signal revealed a significant reduction of 43.9% (Figure 3C). Thus validated, we next tested the impact of Hsp90α knockdown on morphine anti-nociception (Figure 3D). We found that Hsp90α CRISPR treatment fully blocked anti-nociception in paw incision pain (Figure 3D), very similarly to KUNA115 (Figure 1) and 17-AAG (Lei et al., 2017), confirming the role of Hsp90α in regulating opioid anti-nociception in the brain.



Hsp90 Co-chaperones p23 and Cdc37 Regulate Opioid Anti-nociception in the Brain

We first used the co-chaperone-selective inhibitors gedunin (p23, Brandt et al., 2008), celastrol (Cdc37, Zhang et al., 2008), and KU177 (Aha1, Zhao et al., 2011) in paw incision pain as for the isoform inhibitors above. Both gedunin (p23; Figure 4A) and celastrol (Cdc37; Figure 4B) strongly reduced morphine anti-nociception in paw incision pain, very similar to the Hsp90 inhibitors above. However, KU177 (Aha1) had only a slight impact on opioid anti-nociception, suggesting it may not have a significant role (Figure 4C).
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FIGURE 4. Identification of the co-chaperones p23 and Cdc37 as promoters of opioid anti-nociception in the brain. Male CD-1 mice used for all experiments, data reported as the mean ± SEM, with sample sizes of mice/group noted in each graph. (A–C) Ten nanomoles of Gedunin (p23, A), 10 nmol of Celastrol (Cdc37, B), or 0.1 nmol of KU177 (Aha1, C) or Vehicle control injected icv concurrently with paw incision surgery with a 24 h recovery, followed by 3.2 mg/kg morphine sc. Experiments performed with two technical replicates for each drug. *,**,****p < 0.05, 0.01, 0.0001 vs. same time point inhibitor treatment group by two-way ANOVA with Fisher’s Least Significant Difference post hoc test. (D) p23, Cdc37, or Negative Control CRISPR-treated mice with icv delivery of constructs analyzed by IHC for target knockdown on day 10. Representative images shown from the PRN. Both targets (p23 – red, Cdc37 – green) have a similar staining pattern to Hsp90α, and both are clearly reduced by CRISPR treatment. (E) Data from (D) for all mice quantitated as described in the “Materials and Methods” section. All mice treated in one technical replicate, with staining and analysis of the resulting tissue performed in more than one technical replicate. *p < 0.05 vs. same target Negative Control group by Unpaired 2-Tailed t-test. CRISPR treatment reduced p23 signal by 36.3% and Cdc37 by 46.0%. (F) CRISPR-treated mice had paw incision surgery performed on day 9, with injection of 3.2 mg/kg morphine sc on day 10. Performed in two technical replicates. *,**,***,****p < 0.05, 0.01, 0.001, 0.0001 vs. both same time point p23/Cdc37 CRISPR groups by two-way ANOVA with Fisher’s Least Significant Difference post hoc test.



We next moved forward with CRISPR/Cas9 gene editing to confirm that p23 and Cdc37 regulate opioid anti-nociception as we did for Hsp90α above. IHC analysis showed a similar broad knockdown across the brain with CRISPR treatment, particularly apparent in the PRN (Figure 4D). Quantitation revealed significant decreases of 36.3% for p23 and 46.0% for Cdc37 (Figure 4E). We next tested the impact of targeted CRISPR treatment for these proteins in paw incision pain, and found that both p23 and Cdc37 CRISPR knockdown fully blocked morphine anti-nociception, very similar to Hsp90α inhibition above or 17-AAG treatment (Lei et al., 2017; Figure 4F). These results confirm that both p23 and Cdc37 regulate opioid anti-nociception in the brain.



Rapid Translation Required for Hsp90 Regulation of Opioid Anti-nociception

Lastly, we sought to identify part of the molecular biology mechanism by which Hsp90 regulates opioid anti-nociception. We combined 24 h Hsp90 inhibition as above and in our previous work (Lei et al., 2017) with treatment of the translation inhibitor cycloheximide in the brain 30 min prior to morphine treatment. We found that cycloheximide had no impact on morphine anti-nociception in vehicle-treated mice; however, cycloheximide fully restored morphine anti-nociception back to vehicle-treated levels in mice treated with the pan-Hsp90 inhibitor 17-AAG (Figure 5A). We found the same results with KUNA115, confirming that Hsp90α regulates translation during morphine anti-nociception (Figure 5B). These results strongly suggest that rapid translation within 30 min of morphine treatment is required for Hsp90 inhibition to impact opioid signaling and anti-nociception.
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FIGURE 5. Rapid protein translation is required for Hsp90 inhibition to impact opioid anti-nociception. Male and female CD-1 mice treated with 0.5 nmol 17-AAG (A) or 0.1 nmol KUNA115 (B) or vehicle icv, 24 h, followed by 85 nmol cycloheximide or vehicle icv, 30 min, followed by 10 mg/kg morphine sc. No difference between approximately equal male and female groups (p > 0.05) so they were combined for this analysis. Data reported as the mean ± SEM with the sample size of mice/group noted in the graph. Performed in three technical replicates by different experimenters. *,**,***,****p < 0.05, 0.01, 0.001, 0.0001 for the 17-AAG/Vehicle group vs. any of the other three groups at the same time point by two-way ANOVA with Fisher’s Least Significant Difference post hoc test. There were no differences between the Vehicle/Vehicle, Vehicle/CXM, or 17-AAG/CXM groups.






DISCUSSION

In this study, we have identified the isoform Hsp90α as a key player in promoting opioid anti-nociception and signaling in the brain using both selective small molecule inhibitors (Figures 1, 2) and CRISPR/Cas9 gene editing in the brains of adult mice (Figure 3). Using these techniques, we further identified the co-chaperones p23 and Cdc37 as key promoters of opioid anti-nociception (Figure 4). We also found that rapid protein translation is part of the molecular mechanism by which Hsp90 regulates opioid anti-nociception (Figure 5). When combined with the results of our previous study using a non-selective Hsp90 inhibitor (Lei et al., 2017), our findings suggest that Hsp90α in concert with p23 and Cdc37 promote ERK MAPK activation by the MOR in the brain, and that inhibiting these proteins reverses these roles summating in loss of opioid ERK activation and anti-nociception. This model is diagrammed in Figure 6.
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FIGURE 6. Model for the regulation of mu opioid receptor (MOR) signaling by Hsp90 in the brain. This summary model combines results from this manuscript with our earlier work using non-selective Hsp90 inhibitors in the brain (Lei et al., 2017). Together this data suggests that Hsp90α, p23, and Cdc37 act in concert in the brain to promote the phosphorylation of ERK MAPK by the MOR in response to opioid drugs, thus promoting opioid anti-nociception. Treatment with non-selective or selective inhibitors blocks this role, thus blocking ERK MAPK phosphorylation and blocking anti-nociception in response to opioids.



Understanding the specific molecules involved in promoting opioid anti-nociception may provide future targets for refined clinical intervention. First generation non-selective Hsp90 inhibitors like 17-AAG failed clinical trials due to liver toxicity (Sidera and Patsavoudi, 2014). Second generation and alternate site inhibitors like KU-32 have shown higher tolerability, and indeed KU-32 has been shown to be neuroprotective (Urban et al., 2010, 2012; Ma et al., 2015). However, non-selective targeting of Hsp90 has an inherently higher risk of unacceptable side effects, especially since Hsp90 is a ubiquitous protein with a very high expression level and numerous client proteins (Li and Buchner, 2013). The four Hsp90 isoforms have different cellular locations (cytoplasm for Hsp90α/β, endoplasmic reticulum for Grp94, mitochondria for TRAP1) and client proteins, meaning that targeting only one necessary isoform, such as Hsp90α identified above, should inherently decrease the risk of side effects (Echeverría et al., 2011). Similarly, identifying specific co-chaperones like p23 and Cdc37 identified above will also provide specific targets that should reduce potential side effects. This is particularly true with co-chaperones since there are many more of them and each co-chaperone is more selective by role and tissue expression, providing further selectivity (Li and Buchner, 2013). Along these lines, recent studies have identified ligands that interfere with specific Hsp90:co-chaperone interactions, such as celastrol used in our study here, that impact specific functions without the broad sledgehammer of inhibiting the entire Hsp90 protein (Zhang et al., 2008). The specific proteins identified through this study could thus be the first step in identifying improved therapies to modulate opioid treatment; an analogous approach has been used for Hsp70 (Assimon et al., 2013).

The identification of these specific molecules may also lend insight into the molecular mechanism by which Hsp90 regulates opioid signaling. As mentioned above, Hsp90α is cytoplasmic with its own unique complement of client proteins (Bergmayr et al., 2013; Liu et al., 2015). This specificity narrows down the field of potential mechanisms by which Hsp90α regulates opioid signaling, especially to the Hsp90α-specific signaling changes in ERK, JNK, and STAT3 that we have identified (Figure 2). Further differences include the lack of Hsp70 induction caused by KUNA115 treatment in Figure 2. Earlier studies have shown that non-selective inhibitors like 17-AAG impact both the heat shock response (Hsp70 induction) and protein folding activity of Hsp90, while the C-terminal inhibitor KU-32 only impacts the heat shock response (Ansar et al., 2007). All three compounds, 17-AAG, KU-32, and KUNA115 (Figure 1; Lei et al., 2017), impact opioid anti-nociception in the same way, providing a clue that the protein activity of Hsp90α responsible will be the one impacted by all three classes of compound (and which does not require Hsp70 upregulation).

Similarly, the co-chaperone Cdc37 that we have identified has been shown in numerous studies to be crucial for targeting kinases to Hsp90 in both canonical and non-canonical pathways that are crucial for kinase function (Hinz et al., 2007; Gould et al., 2009; Ota et al., 2010). Importantly, these studies have shown that Cdc37 does not simply assist in kinase folding and maturation, but also assists in complex formation that is required for acute activation. Considering the signaling kinases impacted, especially ERK MAPK which we have identified as a mechanism of Hsp90 regulation of anti-nociception (Figure 2; Lei et al., 2017), it makes sense that Cdc37 would be implicated in the Hsp90 mechanism of action. The co-chaperone p23 also has a canonical role in assisting Hsp90 in the protein folding cascade, and has also been linked to acute regulation of signal transduction, as by the A2A receptor (Bergmayr et al., 2013; Li and Buchner, 2013). The functional overlap between the specific molecules identified and the drugs used will allow us to identify likely mechanisms of signaling regulation in future studies, further informed by our results in Figure 5 suggesting that active protein translation is required for Hsp90 inhibition to impact opioid anti-nociception. Our results showing that Hsp90 inhibition is impactful within 1 h and that baseline mechanical response is not altered provides further mechanistic guidance (Figures 1G,H).

While positively identifying Hsp90α, p23, and Cdc37, our studies demonstrated no response to other isoform and co-chaperone inhibitors. This does suggest that Hsp90β, Grp94, and Aha1 are not involved in regulating opioid anti-nociception in the brain. However, this data must be interpreted with caution. We did not exhaustively test these molecules by CRISPR and other methods as we did for Hsp90α, p23, and Cdc37, leaving open the possibility that these other molecules could still be involved. Thus our data should be interpreted most strongly as identifying Hsp90α, p23, and Cdc37 without necessarily ruling out other players. Future studies can address this question more exhaustively, as well as test for the involvement of numerous other co-chaperones not tested in this study. These studies were also all performed broadly across the forebrain without testing the impact of the spinal cord or the periphery, or sub-regions and circuits within the brain. Future studies will also need to address whether these other regions have different mechanisms by which Hsp90 could regulate opioid response.
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Opioid drugs are the gold standard for the management of pain, but their use is severely limited by dangerous and unpleasant side effects. All clinically available opioid analgesics bind to and activate the mu-opioid receptor (MOR), a heterotrimeric G-protein-coupled receptor, to produce analgesia. The activity of these receptors is modulated by a family of intracellular RGS proteins or regulators of G-protein signaling proteins, characterized by the presence of a conserved RGS Homology (RH) domain. These proteins act as negative regulators of G-protein signaling by serving as GTPase accelerating proteins or GAPS to switch off signaling by both the Gα and βγ subunits of heterotrimeric G-proteins. Consequently, knockdown or knockout of RGS protein activity enhances signaling downstream of MOR. In this review we discuss current knowledge of how this activity, across the different families of RGS proteins, modulates MOR activity, as well as activity of other members of the opioid receptor family, and so pain and analgesia in animal models, with particular emphasis on RGS4 and RGS9 families. We discuss inhibition of RGS proteins with small molecule inhibitors that bind to sensitive cysteine moieties in the RH domain and the potential for targeting this family of intracellular proteins as adjuncts to provide an opioid sparing effect or as standalone analgesics by promoting the activity of endogenous opioid peptides. Overall, we conclude that RGS proteins may be a novel drug target to provide analgesia with reduced opioid-like side effects, but that much basic work is needed to define the roles for specific RGS proteins, particularly in chronic pain, as well as a need to develop newer inhibitors.
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INTRODUCTION

Pain is a significant problem worldwide, and adequate pain relief remains an unmet medical need. Opioids acting at the mu-opioid receptor (MOR), a G-protein coupled receptor (GPCR), have been used therapeutically to control pain for centuries and remain the most commonly used class of analgesics and the most effective option for many patients. This, along with an increased focus on completely eliminating pain among physicians, has led to the recent huge increase in opioid prescriptions which, together with the addiction liability and respiratory depressant properties of opioid drugs, has driven the current opioid crisis and the resultant dramatic increase in opioid overdose deaths (Babu et al., 2019). Nonetheless, opioids remain the gold standard for pain control. Consequently, many approaches are being taken to target MOR in ways that enhance analgesic properties but reduce unwanted effects including, allosteric modulators (Burford et al., 2013), biased agonists that preferentially stimulate certain downstream pathways (Manglik et al., 2016; Schmid et al., 2017), compounds that target several opioid receptors simultaneously (Nastase et al., 2018) or compounds with slow access to central MORs (Markman et al., 2019). In this review we discuss ways in which intracellular processes downstream of MOR activation by both exogenous opioid drugs and endogenous opioid peptides can be manipulated by regulator of G-protein signaling (RGS) proteins, and if this provides an avenue for the development of new analgesic molecules.



RGS PROTEINS

Mu-opioid receptors are seven-transmembrane domain GPCRs that interact with G-proteins of the Gαi/o and Gαz classes that form a heterotrimer with their essential β and γ subunits (Figure 1). At rest, the Gαβγ heterotrimer is bound to GDP. GPCR activation leads to dissociation of GDP from the Gα subunit and its replacement with GTP causing the Gα-bound GTP to separate from the βγ heterodimer. The now active Gα-GTP and βγ subunits interact with intracellular signaling partners, including inwardly rectifying potassium channels, calcium channels, phospholipase C, adenylyl cyclase isoforms, and components of the mitogen-activated protein kinase (MAPK) pathway. Intracellular signaling is terminated when endogenous GTPase activity of Gα hydrolyses GTP to GDP. The formed Gα-GDP then reassociates with the βγ heterodimer to terminate signaling. The enzymatic GTPase activity of the Gαi/o/z subunits is slow with a GTP turnover rate of 2–5 per minute. This is not fast enough to allow a cell to respond to subsequent incoming signals. Here, RGS proteins come into play. These proteins bind to the switch regions of the active, GTP-bound Gα (Tesmer et al., 1997) and act as GTPase accelerating proteins or GAPs to increase rate of GTP hydrolysis by up to 100-fold. This drastically shortens the lifetime of the active Gα-GTP and βγ signaling proteins, resulting in a negative regulation of GPCR signaling, including signaling downstream of MOR (Figure 1).
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FIGURE 1. (A) RGS proteins accelerate the hydrolysis of GTP bound to the Gα subunit to terminate signaling by reformation of the G-protein heterodimer. (B) RGS inhibitors slow the hydrolysis of GTP and so enhance signaling through Gα and βγ proteins.


The RGS proteins themselves constitute a 20-plus member family of intracellular regulatory proteins characterized by an RGS-homology (RH) domain and divided into subfamilies according to domain- and sequence-homology (Hollinger and Hepler, 2002). RGS proteins vary in size and complexity from simple N- and C-terminal extensions to more complex proteins (Table 1). Some members of the family are selective for certain G-protein subtypes (Posner et al., 1999; Lan et al., 2000) and receptors (Xu et al., 1999; Wang et al., 2009). RGS proteins are variously expressed throughout the body including pain pathways in the central nervous system (CNS) where expression overlaps with MOR expression, particularly for RGS4 and the splice variant of RGS9, RGS9-2 (Gold et al., 1997; Peckys and Landwehrmeyer, 1999; Grafstein-Dunn et al., 2001; Traynor and Neubig, 2005). For example, the small RGS4 protein is expressed in many structures involved in the transmission and maintenance of pain, including the dorsal horn of the spinal cord, the periaqueductal gray (PAG), the thalamus, and the basal ganglia (Ni et al., 1999; Gold et al., 2003; Terzi et al., 2009; Taccola et al., 2016).


TABLE 1. RGS subfamily characterization and expression.
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RATIONALE FOR RGS PROTEINS AS POTENTIAL TARGETS FOR PAIN MANAGEMENT

Intracellular proteins are not usually considered suitable drug targets due to their ubiquitous expression. In contrast, their differential expression patterns, selectivity for specific receptors and specificity for particular G-proteins, although not absolute, suggests the possibility that RGS proteins could be attractive drug targets for the management of pain by enhancing MOR-mediated signaling, leading to enhanced antinociception. Drugs inhibiting RGS activity could be beneficial in several ways. First, an enhancement of action of morphine and related exogenous opioid drugs would result in an opioid sparing effect, which would be especially advantageous if different RGS proteins controlled MOR signaling in those neuronal systems leading to antinociception versus those responsible for side-effects of respiration, reward, and constipation. Second, RGS inhibitors could produce analgesia in their own right by enhancing endogenous opioid peptide activity even in the absence of exogenous opioid drugs. Opioid peptides are released at spinal and supraspinal sites during pain (Levine et al., 1978; Cesselin et al., 1980; Porro et al., 1991; Zangen et al., 1998; Hurley and Hammond, 2001; Wu et al., 2001) and also at peripheral sites (Stein et al., 2003). These endogenous peptides offer limited protection against pain but this effect is significantly increased if enzymatic peptide breakdown is prevented by so-called “enkephalinase inhibitors” (Fournié-Zaluski et al., 1992; Noble et al., 1992, 1997). Enhancement of endogenous opioid peptide signaling downstream of MOR by inhibition of RGS action should increase the analgesic efficacy of the peptides. Moreover, this approach has the advantage that, unlike enkephalinase inhibitors which globally increase enkephalin levels, the spatial and temporal release of the peptides would be retained and so RGS inhibitors will be effective only in those areas where the peptides are released in response to noxious stimuli, but not in areas responsible other actions of the peptides. A similar concept has recently been discussed with regard to positive allosteric modulators of MOR (Burford et al., 2015; Livingston and Traynor, 2018). Thirdly, there is evidence that the beneficial analgesic action of MOR agonists (and the endogenous opioid peptides) is due to signaling downstream of G-proteins, whereas the unwanted effects of respiratory depression and constipation may be mediated via the β-arrestin pathway (Raehal et al., 2011; Violin et al., 2014; Manglik et al., 2016; Schmid et al., 2017). Since RGS proteins modulate the G-protein component of MOR signaling, but not the β-arrestin component, inhibitors of RGS proteins would be expected to show an increased therapeutic window separating the beneficial from unwanted effects (Figure 1).

On the other hand, while RGS proteins are attractive analgesic targets and there is some degree of selectivity of expression and interaction with opioid receptors and G-proteins inhibition of RGS activity could regulate signaling downstream of numerous GPCRs. This suggests more nuanced strategies may be required to avoid the potential for off-target effects. Such targets might be the interface between RGS and opioid receptors or the complete RGS-Gα-opioid receptor complex rather than the RGS protein in isolation avoiding the potential for off-target effects.



RGS INSENSITIVE Gα-PROTEINS

Because RGS proteins constitute a large family of molecules it is difficult to know where to start when assessing their ability to control MOR signaling. An easier way is to develop a system which genetically knocks out all RGS GAP activity. This is feasible since replacement of a Gly in the “switch 3” region of the Gα protein (Tesmer et al., 1997) with Ser blocks the interaction between the RH region of RGS protein and the GTP-bound Gα subunit, without affecting any other properties of the Gα protein including GDP release, GTP hydrolysis, Gβγ binding, or interaction with the receptor. This mutation therefore prevents all GAP activity at a specific Gα protein. Thus, for example the Gly-Ser mutation in Gαo, promotes signaling downstream of MOR in vitro (Clark et al., 2003).

The behavioral effects of the mutation can be studied in mice with knock-in of RGS-insensitive Gα proteins (RGSi-Gα). This allows for proof of principle that inhibition of RGS activity is a viable strategy to provide antinociception and avoids the possibility of redundancy of GAP activity. Although on the minus side this approach does not identify the specific RGS protein(s) involved.

In assays using heat as the nociceptive source, mice expressing RGSi-Gαo displayed an enhanced baseline withdrawal latency that was reversed by naltrexone, showing that endogenous opioid peptide activity is increased when RGS action is nullified (Lamberts et al., 2011). Similarly in the hot-plate test morphine-induced antinociception was enhanced; these finding were supported by an increased opioid-peptide mediated disinhibition of GABA release in the PAG, an important region for descending pain control (Lamberts et al., 2013). Surprisingly, in the tail withdrawal test the action of morphine was decreased, suggesting a permissive, not inhibitory, action for RGS proteins. Indeed, in the PAG, MOR activation of G-protein-gated inwardly rectifying potassium channels (GIRKs) was reduced for morphine and fentanyl in mice expressing RGSi-Gαo proteins. No effect was seen on methionine enkephalin modulation of GIRK currents because this endogenous ligand appeared to use Gαi proteins which are still regulated by RGS proteins in this genetic model (McPherson et al., 2018). The results indicate that the RGS-mediated reduction in opioid-induced GIRK activation in mice expressing RGSi-Gαo plays a role in opioid spinal antinociception, but not supraspinal, antinociception. These studies indicate that in general RGS protein GAP activity can produce negative and positive regulation of signaling depending on the intracellular effector(s) involved. One mechanism for this is RGS-mediated “kinetic scaffolding,” the results of which depend on the proximity of the various components within a cell (Zhong et al., 2003). In this model when effectors are close to the receptor RGS proteins are permissive because they act to sustain local concentrations of Gα-GDP necessary to maintain G-protein signaling. In contrast, further from the receptor where Gα-GDP is not depleted, RGS proteins suppress signaling and so are inhibitory. Alternatively, the opposite responses in morphine pharmacology observed could be due to roles for RGS proteins that have complex, for example, scaffolding functions. Additionally, since different neuronal circuits are involved in the two measures of morphine antinociception the loss of RGS negative regulation of Gαo could reveal constitutive activity of opposing transmitted systems that use this G-protein, for example the nociceptin peptide system (Bertorelli et al., 1999; Khroyan et al., 2009).



SPECIFIC FAMILIES OF RGS PROTEINS

While use of RGS-insensitive Gαo proteins can provide proof of principle, conflicting results, such as in the antinociceptive assays discussed above highlight drawbacks in this approach. As such, examination of individual RGS proteins is needed to identify discrete pharmacological targets.


R4 Family

RGS4 itself has been extensively studied with respect to opioid-mediated signaling and antinociception This protein is distributed widely throughout the CNS where it regulates the pharmacology of MOR agonists (Table 1, reviewed in Traynor and Neubig, 2005). RGS4 is thought to interact directly with MOR via the fourth intracellular loop of the receptor (residues 329–355) and the RGS4 N-terminal domain (Leontiadis et al., 2009). Removal of the N-terminal domain not only reduces RGS4-receptor interactions, but eliminates the receptor selectivity of endogenous RGS4 protein (Zeng et al., 1998; Leontiadis et al., 2009). When overexpressed in HEK293 cells, RGS4 is localized throughout the cytosol, nucleus, and plasma membrane (Roy et al., 2003) and binds only weakly to Gαi/o proteins. However, following application of the MOR agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO), expression shifts to the plasma membrane such that RGS4 is co-localized with the receptor (Leontiadis et al., 2009) and the interaction between the two proteins is enhanced. In contrast, in SH-SY5Y human neuroblastoma cells that endogenously express RGS4 and MOR, knockdown of RGS4 did not affect responses to the MOR agonist morphine (Wang et al., 2009), suggesting that the ability of RGS4 to regulate MOR may be determined by the cell type and/or the agonist.

Intracerebroventricular (i.c.v.) administration in male mice of antisense-DNA against RGS4 resulted in a greater response to i.c.v. morphine in the tail withdrawal test compared to control given scrambled antisense (Garzón et al., 2001). In contrast, constitutive RGS4 knockout mice do not display alterations in pain sensitivity in tests of acute nociception (Grillet et al., 2005). This finding may be due to redundancy of RGS action. That is, since RGS4 is essentially an RH domain with very short N and C-termini, its loss may easily be compensated for by other RGS proteins (Doupnik, 2015), or by physiological compensatory mechanisms also regulated by RGS4. Indeed, further studies have implicated a critical role for RGS4 in the nucleus accumbens (NAc) in opioid antinociception (Han et al., 2010). Conditional knockout of RGS4 only in this brain region reduces fentanyl and methadone antinociception, but not that of morphine, although it does act as a negative modulator of the rewarding effects of morphine, suggesting both agonist-specific and tissue-specific outcomes (Han et al., 2010). To explain this discrepancy, the authors used immunoprecipitation experiments to indicate that fentanyl, but not morphine, recruits Gαq, rather than Gαi/o proteins to MOR in the NAc and this competes with RGS4 for association with the receptor (Han et al., 2010).

A more important role for RGS4 might be in chronic pain states, where RGS4 expression is dynamically regulated. For example, following sciatic nerve injury in the rat there is an up-regulation of RGS4 mRNA expression in the dorsal horn of the spinal cord, with no change in the mRNA of other RGS proteins measured (RGS6, 7, 8, 9, 11, 12, 14, 17, 19; Garnier et al., 2003; Bosier et al., 2015; Taccola et al., 2016). At the same time rats become hypersensitive to noxious stimuli and the potency of MOR agonists decreases. Chronic pain states, such as following sciatic nerve injury are less sensitive to control by opioids than acute pain. Since RGS4 negatively regulates MOR signaling in vitro and there is significant overlap in expression of RGS4 and MOR within the spinal dorsal horn (Peckys and Landwehrmeyer, 1999; Garnier et al., 2003), this increased expression of RGS4 likely contributes to the loss of morphine potency in chronic pain. A report also indicates increases in RGS3 mRNA in the dorsal horn of the lumbar spinal cord after sciatic nerve ligation, although RGS4 levels decrease several days later; these effects may involve astrocyte RGS proteins (Doyen et al., 2017). In support of a role for up-regulated RGS4 (and RGS3) in reducing the effectiveness of morphine, use of the inhibitor CCG-63802 (Figure 2; Blazer et al., 2010) to prevent RGS4 action attenuates hyperalgesia following nerve injury (Bosier et al., 2015; Taccola et al., 2016). This attenuation can be attributed to the rescue of tonically active endogenous antinociception systems, such as the enkephalins, although in one study using this inhibitor (Bosier et al., 2015) endogenous cannabinoids rather than opioid endogenous opioids were implicated.


[image: image]

FIGURE 2. Small molecule RGS inhibitors used in preclinical analgesic studies.


In contrast to changes in the spinal cord, RGS4 (as well as RGS3) message which is high in C-fiber sensory neurons in dorsal root ganglia (DRG) of the rat, has been reported to decrease following transection of the sciatic nerve (Costigan et al., 2003), suggesting a location-dependent regulation of this transcript. A reduction in RGS4 would lead to an increase in GPCR, possibly MOR signaling. These divergent effects of up- or down-regulation of RGS proteins indicate a very fine level of pathophysiological control, although of course we do not know the specific GPCR target or targets of either the up-regulated RGS4/RGS3 in the dorsal horn or the down regulated RGS4 in the DRG. Resolving the reasons for the different findings on RGS3/4 levels after sciatic nerve injury and identifying the GPCRs that are modulated by these proteins would be an important step forward in developing RGS protein-based analgesics or analgesic adjuncts.

Injection of formalin into the mouse hind paw produces a biphasic hyperalgesia consisting of an early phase and a late phase. Mice lacking RGS4 are less hyperalgesic during the late phase (Yoon et al., 2015; Avrampou et al., 2019). Moreover, mice lacking RGS4 recover more quickly from mechanical and cold hypersensitivity following inflammation, caused by Freund’s Complete Adjuvant (CFA) injection into the hind paw, or nerve injury and show recovery of wheel running as a measure of pain-depressed behavior (Avrampou et al., 2019). One potential mechanism to explain both of these observations is the loss of negative regulation by RGS4 of endogenous antinociceptive signaling, possibly involving opioid peptides released in response to the persistent inflammatory pain (Porro et al., 1991; Zangen et al., 1998; Wu et al., 2001). As with the nerve injury studies using CCG-63802 discussed above, results from this experimental paradigm support the notion that an inhibitor of RGS4 should enhance endogenous pain systems to produce analgesia, even in the absence of opioid drugs such as morphine. In support of this concept, the potency of the stable enkephalin analog DAMGO was increased 10-fold in the formalin test in animals lacking RGS4 compared to their wild-type controls (Yoon et al., 2015), and intrathecal (i.t.) administration of the small molecule RGS4 inhibitor CCG-50014 (Figure 2; Blazer et al., 2011) to wild-type mice produced dose-dependent antinociception on its own that was blocked by the opioid antagonist naloxone, as well as enhancing the action of DAMGO (Yoon et al., 2015).

Chronic pain is a highly complex condition. Using conditional knockdown of RGS4 Avrampou et al. (2019) demonstrated that a major contributor to reversal of cold and mechanical hypersensitivity, but not recovery of pain-depressed wheel running, is the ventral posterolateral region of the thalamus, an important center for relaying nociceptive information. RNA sequence analysis of thalamic tissue from wild-type and RGS4 knockout mice after CFA-induced inflammatory pain showed decreased changes in gene expression in the knockout group and identified differences that included components of glutamatergic signaling, including an increased expression of membrane bound metabotropic glutamate receptor 2 which has been associated with recovery from hypersensitivity to sensory stimuli. Finally, the role for RGS4 in the anti-allodynic actions of tricyclic antidepressants and the NMDA receptor antagonist ketamine have been studied following sciatic nerve injury (Stratinaki et al., 2013). The antiallodynic action of chronic low dose, but not high dose, desipramine was reduced in RGS4 knockout mice, whereas a low dose of ketamine produced antiallodynic behavior only in mice lacking RGS4. This difference highlights the complex roles of RGS4 and the fact that the GPCR targets for RGS4 have to be carefully considered when proposing inhibitors of RGS4 for the management of chronic pain. Nonetheless, whatever the mechanism involved in chronic pain and the drugs used for its management, these studies do suggest it is worth further investigating inhibitors of RGS4 as standalone treatments for chronic pain. The fact that two independently generated RGS4 knockout mouse lines, with distinct genetic backgrounds, show no overt behavioral abnormalities (Grillet et al., 2003; Han et al., 2010; Avrampou et al., 2019) provides support for RGS4 as a therapeutic target for pain management.

Roles for other R4 family members in modulating opioid function and analgesia have not been explored so extensively. RGS8 is enriched in the thalamus (Gold et al., 1997), a region dense in MOR expression, and RGS8 acts as a GAP for opioid-mediated signaling (Talbot et al., 2010). Thus, it is possible that RGS8 interacts with MORs to modulate signaling in the thalamus to regulate processing of nociceptive information. Knockdown of RGS2 and RGS3 was reported to have no effect on baseline antinociception in the tail-flick test, but to inhibit the antinociceptive response to morphine and the endogenous opioid β-endorphin (Garzón et al., 2001), suggesting, a positive role for these proteins in opioid antinociception. In contrast, after RGS16 knockdown, mice showed an increased antinociceptive response to morphine (Garzón et al., 2001). The basis of these opposing effects of different R4 family members has not been adequately explored, although it has been suggested that distinct Gα interaction profiles between the different RGS proteins may be responsible for the diverse effects (Garzón et al., 2000, 2001).

Further studies of other RGS4 family members in both acute and chronic pain states are warranted. In particular, there are no published studies of family members other than RGS3 and 4 in chronic pain.



R7 Family

The R7 family of RGS proteins comprises RGS6, 7, 9–1, 9–2, and 11 (Hollinger and Hepler, 2002). RGS9-1 and -2 are variants that differ only in the C-terminal tail. RGS9-1 is found only in the retina whereas RGS9-2 is brain specific, and highly expressed in the striatum. RGS7 and RGS9-2 form a heterodimer with the type 5 G-protein β (Gβ5) subunit. This facilitates correct folding and provides proteolytic stability. In addition, both RGS7/Gβ5 and RGS9-2/Gβ5 form complexes with a small palmitoylated protein R7 Binding Protein (R7BP), to control membrane localization and stability (reviewed in Lamberts and Traynor, 2013).

In permeabilized C6 glioma cells expressing MOR and Gαi2, addition of the RH region of RGS7 did not affect DAMGO-induced inhibition of cAMP accumulation (Talbot et al., 2010). When Gαo was expressed instead of Gαi2, addition of the RH domain of RGS7 effectively inhibited the actions of DAMGO (Talbot et al., 2010), suggesting that RGS7 selectively regulates the action of MOR depending on the G-protein expressed. This selectivity may be due to a lack of physical interaction between RGS7 and Gαi2, as increasing concentrations of Gαi2 disrupted the RGS4/Gαo complex but not the RGS7/Gαo complex (Talbot et al., 2010). This suggests that the inability of RGS7 to regulate MOR signaling in cells expressing Gαi2 is due to a failure of RGS7/Gαi2 complex formation.

RGS9-2 interacts with MOR to prevent several events triggered by receptor activation. When RGS9-2 is located close to the cell membrane, it delays agonist-induced internalization of MOR (Psifogeorgou et al., 2007). Further, morphine promotes the association of RGS9-2 with β-arrestin-2, a key component of MOR desensitization (Psifogeorgou et al., 2007). This association is dampened in the presence of the structurally different MOR agonist fentanyl (Psifogeorgou et al., 2011). Thus, RGS9-2 plays an important role in MOR regulation, as it negatively regulates signaling downstream of MOR and inhibits receptor endocytosis; however, these effects appear to be agonist-dependent.

Male mice given antisense-DNA against RGS7 or RGS9-2 into the ventricles, showed greater responses to morphine, DAMGO, and β-endorphin in the tail-flick test (Garzón et al., 2001; Sánchez-Blázquez et al., 2003). Knockdown of RGS9-2 or RGS11 enhanced DAMGO antinociception to a greater degree than knockdown of RGS6 or RGS7 (Garzón et al., 2003). The antinociceptive action of morphine toward an acute heat stimulus was reported to be enhanced in mice completely lacking RGS9 (Zachariou et al., 2003; Papachatzaki et al., 2011). The effects again appear to depend on the agonist studied. Thus, in the same RGS9 knockout mice, the analgesic efficacy of oxycodone was not changed, in either acute pain or in sciatic nerve injury induced pain (Gaspari et al., 2017) and whereas RGS9-2 knockout enhances the action of morphine in the hot-plate test, there is an inhibition of fentanyl- and methadone-mediated antinociception (Papachatzaki et al., 2011). This differential behavior across agonists that bind to the same orthosteric site on the MOR has been explained by the formation of dissimilar protein complexes following binding of ligand to MOR. In other words, there is a biased activation of receptor such that morphine promotes an association between RGS9-2 and Gαi3 whereas RGS9-2/Gαq complexes are seen with the other ligands.

The opening of inwardly rectifying potassium (GIRK) channels is an important mechanism for antinociception downstream of MOR. Such channels are modulated by a complex of RGS 7 or 9 with Gβ5 downstream of MOR that is allosterically controlled by R7BP. Thus, as might be expected the loss of other components of this complex also result in altered antinociception. In the absence of R7BP there is a loss of negative regulation of MOR signaling, enhancing GIRK activity and so increasing morphine- and fentanyl induced antinociception (Terzi et al., 2012; Zhou et al., 2012). The R7BP null mice also show an enhanced basal latency to an acute thermal stimulus in the hot-plate assay (Zhou et al., 2012), indicating enhanced endogenous antinociception by an increase in the activity of endogenous opioid peptides acting at MOR (Lamberts et al., 2011).

In support of an enhancement of endogenous opioid antinociception, RGS9 knockout mice exhibit a small degree of reduced hypersensitivity to the sensory component of both thermal and mechanical insult in early stages of neuropathic pain but exacerbation of affective components of the pain at later time points (Terzi et al., 2014). The nerve injury in wild-type mice was seen to cause a transient reduction in levels of RGS9-2 in the spinal cord, explaining the reduced sensory hypersensitivity, although phenotypic changes in basal antinociceptive activity have not been ruled out, and a later decrease in RGS9-2 levels in the NAc, explaining the change in the affective response. Consequently, RGS9-2 appears to be a negative regulator of the sensory component but a positive regulator of the affective response (Terzi et al., 2014). Since neuropathic pain can lead to depression in humans (Kroenke et al., 2009) this complication might preclude the use of inhibitors of RGS9-2 in the management of chronic pain.



R12 Family

The R12 family of RGS proteins consists of RGS10, 12, and 14. Little is known about how the R12 RGS family regulates MOR signaling and/or analgesia. Central knockdown of RGS12 and RGS14 increased morphine antinociception on the tail-flick test in the mouse, although there were no reported changes in baseline nociceptive thresholds (Garzón et al., 2001) which may suggest a low or absent release of endogenous peptides or a lack of co-localization with RGS proteins. RGS14 knockdown reduced the development of acute tolerance following morphine exposure, and these behavioral changes occurred alongside increased MOR phosphorylation, which promotes internalization and recycling of the receptor (Rodríguez-Muñoz et al., 2007a). This suggests that in normal circumstances RGS14 limits agonist activity in a way that reduces both MOR phosphorylation (e.g., by GRKs) and β-arrestin-mediated endocytosis, leading to more robust receptor desensitization than in systems lacking RGS14 (Rodríguez-Muñoz et al., 2007a). More work is needed to understand the potential roles for the R12 family in regulating MOR signaling and antinociception.



RZ Family

The RZ family of RGS proteins consists of RGS17 (also known as RGSZ2), 19 (also known as G Alpha Interacting Protein/GAIP), and RGS20 (RGSZ1). Antisense knockdown of central RGSZ17 levels in male mice was seen to increase morphine and DAMGO antinociception, but also increased the rate of tolerance development (Garzón et al., 2005). Knockdown of RGS19 in SH-SY5Y cells enhances MOR agonist-induced MAPK stimulation and adenylyl cyclase inhibition (Wang and Traynor, 2013). Consequently, knockdown of RGS19 and RGS20, enhances the antinociceptive effects of morphine and DAMGO (Garzón et al., 2004). In addition to these effects on antinociception, knockdown of either RGS19 or RGS20 increased the rate of analgesic tolerance development (Garzón et al., 2004). Suppressing RGS20 function increased the antinociceptive efficacy of MOR agonists and delayed the development of morphine tolerance in mice (Gaspari et al., 2018). Thus, both RGS20 (RGSZ1) and RGS17 (RGSZ2) appear to play roles in regulating opioid antinociception and tolerance.

Treatment with morphine or DAMGO decreases associations between MOR and Gαi2 but increases associations between Gαi2 and RGSZ2 (Rodríguez-Muñoz et al., 2007b). This shift is transient, and the time course mimics the duration of antinociceptive tolerance following acute administration of morphine, such that Gαi2 interactions have returned to normal at time points when acute antinociceptive tolerance has waned (Rodríguez-Muñoz et al., 2007b). A similar process occurs with RGSZ2 and Gαz, with MOR agonists increasing association between these proteins while decreasing Gαz/MOR association (Garzón et al., 2005). Together these results suggest that all RZ RGS proteins are capable of both inhibiting MOR agonist-induced antinociception and reducing the development of tolerance following agonist exposure, likely through regulation of Gαz and Gαi2 (Garzón et al., 2004, 2005; Rodríguez-Muñoz et al., 2007b).

To date, no studies related to antinociception have been performed in mice with constitutive or conditional genetic knockout of any members of the RGS RZ family.



RGS REGULATION OF SIGNALING AND ANTINOCICEPTION DOWNSTREAM OF OTHER OPIOID RECEPTORS

All members of the opioid receptor family are involved in some way in the modulation of pain and have been the subject of study in relation to their interactions with RGS proteins.


The Delta Opioid Receptor (DOR)

There is much evidence that RGS4 modulates signaling downstream of the delta opioid receptor (DOR) and this in turn leads to increases in antinociceptive properties of agonists at these receptors. For example, purified RGS4 reverses the enkephalin-mediated DOR inhibition of adenylate cyclase activity in NG108-15 cells (Hepler et al., 1997). In HEK293 cells, RGS4 overexpression similarly reduced DOR agonist-stimulated signaling and increased the degree of DOR internalization (Leontiadis et al., 2009). In agreement with these overexpression studies, a 90% reduction of RGS4 in SH-SY5Y cells significantly increased the ability of DOR agonists to inhibit adenylyl cyclase and activate MAPK (Wang et al., 2009) and in mouse brain the small molecule DOR agonist SNC80 increased striatal MAPK phosphorylation to a greater degree in RGS4 knockout animals, than their littermate controls (Dripps et al., 2017). Mutagenesis studies have identified the C-terminus of DOR as the site of interaction with RGS4 and work using molecular dynamics simulations and in vitro pull-down experiments, has isolated this to 12 amino-acid residues in helix 8 of DOR and to the first 17 N-terminal residues of RGS4 (Karoussiotis et al., 2019).

Similar to the enhancement of MOR-mediated antinociception, the potency of SNC80 is increased in nitroglycerin-induced hyperalgesia in mice expressing RGSi-Gαo (Dripps et al., 2017). In addition, RGS4 knockout mice show an enhanced antinociceptive response to SNC80 compared to their wild-type littermate controls (Dripps et al., 2017). Importantly, in both the RGSi-Gαo knock-in mice and the RGS4 knockout mice the enhancement of DOR-mediated antinociception occurs without an increased ability of SNC80 to cause convulsions, a serious side effect of DOR agonists, thus increasing the preclinical therapeutic window of this DOR agonists.

RGS19 (GAIP) has also been studied with respect to DOR signaling. Purified RGS19, like RGS4 acts as a GAP for DOR signaling in NG108-15 cells (Hepler et al., 1997). In contrast DOR signaling in SH-SY5Y cells to adenylate cyclase or MAPK was not sensitive to knockdown of RGS19 (Wang and Traynor, 2013) and knockdown of RGS19 failed to modulate antinociceptive responses to DOR agonists, DPDPE and deltorphin (Garzón et al., 2004). This could suggest the experiments in NG108-15 cells that RGS19 is acting as a non-selective GAP. Conversely, there is other evidence of a role for RGS19 in DOR signaling. Thus, in HEK cells Flag-tagged DOR and heterologously expressed RGS19 are found in different cellular compartments; RGS19 in clathrin-coated membrane regions and DOR near Gαi3 in non-clathrin-coated regions (Elenko et al., 2003). Following DOR agonist treatment, activated GTP-bound Gαi3 and RGS19 co-localize in clathrin-coated regions to form a complex when RGS19 acts as a GAP to promote GTP hydrolysis returning Gαi3 to its GDP bound inactive form. This is reminiscent of the proposed process, described above, where MOR agonist treatment shifts Gαi2 and Gαz from a complex with MOR to a complex with RGSZ-2 (Rodríguez-Muñoz et al., 2007b).



The Kappa Opioid Receptor

Little published work is available on how RGS proteins affect signaling and antinociception downstream of the kappa opioid receptor, KOR. The genetic loci for RGS20 and KOR are separated by only approximately 600 base pairs, suggesting that these proteins may be co-regulated (Sierra et al., 2002). In Xenopus oocytes, RGS4 expression inhibits GIRK1 and GIRK2 downstream of KOR activation, and the presence of RGS4 appears to counteract cellular adaptations to sustained KOR agonist treatment (Ulens et al., 2000). Further, RGS2 and RGS4 bind to different domains of KOR to reduce signaling of this receptor to adenylate cyclase and the MAP kinase pathway in HEK cells (Papakonstantinou et al., 2015). In PC12 cells stably expressing KOR, agonist application increased RGS4 mRNA expression in a KOR antagonist reversible manner, a process that may contribute to desensitization of KOR agonist responses (Nakagawa et al., 2001). Downstream of KOR, RGS12 attenuates G-protein signaling and promotes β-arrestin (Gross et al., 2019). Since β-arrestin is thought to promote unwanted effects of KOR agonists, including aversion, an inhibitor of RGS12 would be expected to promote G-protein signaling and therefore analgesia without dysphoria, as indicated in Figure 1.



The Nociceptin Receptor

The genetic loci for the nociceptin (NOP) receptor and RGS19 neighbor each other, with RGS19 found only 83 base pairs from the 5′ end of the gene encoding NOP receptor (Ito et al., 2000; Xie et al., 2003). This 83 base pair region functions as a bidirectional promoter for both genes (Ito et al., 2000). Despite this close co-regulation RGS19 and NOP receptor expression show differences, for example, RGS19 is found in both undifferentiated and differentiated NT2 cells, while the NOP receptor is expressed only after differentiation (Ito et al., 2000). Nociceptin has both pro- and anti-nociceptive activity (Rizzi et al., 2016), so it will be of interest to see how the balance of these activities is controlled by members of the RGS protein family.



CAN WE TARGET RGS PROTEINS?

An extensive amount of research has been conducted at both the molecular/cellular and behavioral levels on the interaction between MOR and certain RGS proteins, especially RGS4 and RGS9-2, but effects of RGS proteins on other opioid receptors is in its infancy. Nonetheless, the findings summarized above suggest that RGS proteins are attractive targets that may allow more precise control of opioid analgesic effects, and RGS inhibiting molecules may even have stand-alone analgesic efficacy.

In this regard the first attempts to develop inhibitors were peptides designed on the Gα interface with RGS proteins (Roof et al., 2008). To date, no small molecules targeting this large surface region have been published. On the other hand, a number of small molecules that act at a least one cysteine distant from the interaction surface have been developed (Roman et al., 2007, 2009; Blazer et al., 2010, 2011; Monroy et al., 2013; Storaska et al., 2013). Inhibition occurs by covalent modification of this cysteine, although the interaction of some inhibitors with RGS protein can be reversed (Storaska et al., 2013). Because many RGS proteins have a cysteine in the RH domain these inhibitors act somewhat promiscuously, although some degree of selectivity can be obtained. For example, CCG-203769 which inhibits RGS4, is 10-fold less potent at inhibiting RGS19, but has a very high selectivity over other members of the RGS family (Blazer et al., 2015). Similarly, CCG-50014 inhibits both RGS4 and RGS19 and is selective for these RGS proteins over RGS8 and RGS16 (Blazer et al., 2011), None of the small molecule inhibitors identified to date act at RGS6 or RGS7 (Hayes et al., 2018) which lack a cysteine in the RH domain, although it is worth noting that RGS9 does have a cysteine in the same position at the sensitive cysteine in RGS19. Of interest is that studies have now shown CCG-50014 also inhibits RGS1,5,14, and 17 and in fact is most potent at RGS 14 (Hayes et al., 2018). This could be significant given the, albeit limited, knowledge on the role of RGS14 in morphine antinociception (Garzón et al., 2001; Rodríguez-Muñoz et al., 2007a). Thus the finding that CCG-50014 enhances the inhibitory effects of both MOR and DOR agonists in vitro (Blazer et al., 2015), and, as mentioned earlier produces naloxone-reversible antinociception in a mouse model (Yoon et al., 2015), may not be due only to its action as an inhibitor of RGS4.

A report by Shaw et al. (2018), explores the structural determinants of RGS inhibitor selectivity. In general, inhibitors such as CCG-50014 preferentially inhibit RGS proteins with a greater degree of structural flexibility. Thus, increasing the number of interhelical salt bridges present in the RGS protein structure reduces flexibility, and decreases the relative affinity of CCG-50014 for RGS4 or RGS8. Conversely, mutations which decrease the rigidity of RGS4 and RGS8 increase CCG-50014 binding to these targets. In addition, a distinct class of small molecules, BMS-195270 and BMS-192364 were identified in an in vitro assay for bladder contraction using a chemical genetics screen. These compounds gave results consistent with a mechanism whereby they interfere with the Gαq/RGS complex downstream of muscarinic receptors to terminate signaling (Fitzgerald et al., 2006). Compounds with activity at Gαi/o/RGS complexes that are likely to be effective downstream of opioid receptors have not been described to our knowledge.

Overall, there is evidence for the involvement of certain RGS proteins in the control of pain and analgesia, although many of these studies measured only acute antinociception and have not been replicated or followed up. Moreover, the ability to selectively target these proteins, especially with reversible ligands is also very limited. As understanding of the binding modes for current RGS inhibitors continues to increase and new inhibitors are discovered, a more thorough understanding of the role of RGS proteins in pain and analgesia will become increasingly important.
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Peripheral Delta Opioid Receptors Mediate Formoterol Anti-allodynic Effect in a Mouse Model of Neuropathic Pain

Rhian Alice Ceredig1, Florian Pierre1†, Stéphane Doridot2, Unai Alduntzin1†, Pierre Hener1, Eric Salvat1,3, Ipek Yalcin1, Claire Gaveriaux-Ruff4, Michel Barrot1 and Dominique Massotte1*


1Institut des Neurosciences Cellulaires et Intégratives, Centre National de la Recherche Scientifique, Université de Strasbourg, Strasbourg, France

2Chronobiotron, Centre National de la Recherche Scientifique, Strasbourg, France

3Centre d’Evaluation et de Traitement de la Douleur, Hôpitaux Universitaires de Strasbourg, Strasbourg, France

4Institut de Génétique et de Biologie Moléculaire et Cellulaire, Centre National de la Recherche Scientifique, Université de Strasbourg, INSERM, Illkirch, France

Edited by:
Meritxell Canals, University of Nottingham, United Kingdom

Reviewed by:
Jerome Busserolles, Clermont Université, France
Sangsu Bang, Duke University, United States

* Correspondence: Dominique Massotte, d.massotte@unistra.fr

† Present address: Florian Pierre Institut Européen de Chimie et Biologie, Centre National de la Recherche Scientifique, INSERM, Université de Bordeaux, Pessac, France Unai Alduntzin Department of Biochemistry and Molecular Biology, Faculty of Science and Technology, University of the Basque Country, Leioa, Spain

Received: 29 August 2019
 Accepted: 17 December 2019
 Published: 14 February 2020

Citation: Ceredig RA, Pierre F, Doridot S, Alduntzin U, Hener P, Salvat E, Yalcin I, Gaveriaux-Ruff C, Barrot M and Massotte D (2020) Peripheral Delta Opioid Receptors Mediate Formoterol Anti-allodynic Effect in a Mouse Model of Neuropathic Pain. Front. Mol. Neurosci. 12:324. doi: 10.3389/fnmol.2019.00324



Neuropathic pain is a challenging condition for which current therapies often remain unsatisfactory. Chronic administration of β2 adrenergic agonists, including formoterol currently used to treat asthma and chronic obstructive pulmonary disease, alleviates mechanical allodynia in the sciatic nerve cuff model of neuropathic pain. The limited clinical data currently available also suggest that formoterol would be a suitable candidate for drug repurposing. The antiallodynic action of β2 adrenergic agonists is known to require activation of the delta-opioid (DOP) receptor but better knowledge of the molecular mechanisms involved is necessary. Using a mouse line in which DOP receptors were selectively ablated in neurons expressing Nav1.8 sodium channels (DOP cKO), we showed that these DOP peripheral receptors were necessary for the antiallodynic action of the β2 adrenergic agonist formoterol in the cuff model. Using a knock-in mouse line expressing a fluorescent version of the DOP receptor fused with the enhanced green fluorescent protein (DOPeGFP), we established in a previous study, that mechanical allodynia is associated with a smaller percentage of DOPeGFP positive small peptidergic sensory neurons in dorsal root ganglia (DRG), with a reduced density of DOPeGFP positive free nerve endings in the skin and with increased DOPeGFP expression at the cell surface. Here, we showed that the density of DOPeGFP positive free nerve endings in the skin is partially restored and no increase in DOPeGFP translocation to the plasma membrane is observed in mice in which mechanical pain is alleviated upon chronic oral administration of formoterol. This study, therefore, extends our previous results by confirming that changes in the mechanical threshold are associated with changes in peripheral DOP profile. It also highlights the common impact on DOP receptors between serotonin noradrenaline reuptake inhibitors such as duloxetine and the β2 mimetic formoterol.
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INTRODUCTION

Neuropathic pain arises from traumatic nerve injury or from a disease that affects the somatosensory system and is characterized by spontaneous pain, mechanical allodynia and/or thermal hypersensitivity (von Hehn et al., 2012). First-line treatments include antidepressants such as serotonin and noradrenaline reuptake inhibitors (SNRIs), or anticonvulsants such as gabapentinoids (Kremer et al., 2016a). In preclinical studies, activation of the β2-adrenergic receptors has been shown to be mandatory for the antiallodynic action of antidepressants (Yalcin et al., 2009; Kremer et al., 2016a, 2018) and chronic administration of several β2-adrenergic agonists such as formoterol has been successfully used to alleviate mechanical allodynia (Choucair-Jaafar et al., 2009, 2014; Yalcin et al., 2010; Jourdain and Hatakeyama, 2019). Formoterol is already routinely used in clinics to treat chronic obstructive pulmonary disease (Vanfleteren et al., 2018). Also, inhalation of β2-agonists during the perioperative period was associated with a five-fold lower risk of developing post-thoracotomy neuropathic pain whereas chronic antidepressants or chronic gabapentanoids appeared ineffective (Salvat et al., 2015). Drug repurposing could, therefore, be envisaged to treat neuropathic pain.

The mechanisms underlying the relief of mechanical allodynia are the topic of extensive research in various preclinical models but remain unclear. Interestingly, delta-opioid (DOP) receptors are essential for the antiallodynic effect of DOP agonists (Nozaki et al., 2012; Vicario et al., 2016) but also for the antiallodynic effect of chronic administration of both antidepressants (Benbouzid et al., 2008b; Yalcin et al., 2010; Ceredig et al., 2018; Kremer et al., 2018) and β2 mimetics (Yalcin et al., 2010; Choucair-Jaafar et al., 2014). More specifically, our previous work using the cuff model pointed to peripheral DOP receptors expressed in Nav1.8 positive neurons as mandatory for the antiallodynic action of DOP agonists (Gaveriaux-Ruff et al., 2011; Nozaki et al., 2012) as well as the SNRI duloxetine (Ceredig et al., 2018). Our data also revealed that changes in the expression profile of peripheral DOP receptors correlated with mechanical allodynia. Indeed, we observed decreased DOP receptor expression in unmyelinated calcitonin gene-related peptide (CGRP) positive neurons and free nerve endings in the skin and increased surface expression in the neurons still expressing the receptor in neuropathic conditions but not in mice chronically treated with duloxetine after cuff surgery (Ceredig et al., 2018). Here, we sought to determine whether the same mechanisms are triggered by chronic treatment with the β2 adrenergic agonist formoterol by identifying changes in the expression of peripheral DOP receptor using a mouse line in which peripheral DOP receptors are selectively ablated in neurons expressing the Nav1.8 sodium channel (DOP cKO; Gaveriaux-Ruff et al., 2011) and a knock-in mouse line expressing DOP receptors fused to the green fluorescent protein eGFP (DOPeGFP; Scherrer et al., 2006). Our data indicate that peripheral DOP receptors expressed in Nav1.8+ neurons were mandatory for formoterol anti-allodynic activity. DOP surface expression was lower in animals treated with chronic formoterol compared to neuropathic conditions. However, DOP receptor expression was only partially restored in nerve free endings in the skin and remained similar to the neuropathic conditions in the dorsal root ganglia (DRG) after chronic formoterol. Altogether, data suggest that antidepressants and β2 mimetics effects engage similar DOP-dependent mechanisms.



MATERIALS AND METHODS


Animals

DOPeGFP knock-in mice expressing the DOP receptor infusion with the green fluorescent protein were generated by homologous recombination. In these animals, the eGFP cDNA preceded by a five amino acid linker (G-S-I-A-T) was introduced into the exon 3 of the DOP receptor gene, in the frame and 5’ from the stop codon (Scherrer et al., 2006). The genetic background of DOPeGFP mice was C57BL/6J:129SvPas (50%:50%). DOP-floxed (Oprd1fl/fl) mice were interbred with Nav1.8-Cre mice to generate conditional knockout (cKO) of DOP in primary nociceptive neurons (Nav1.8-Cre × Oprd1fl/fl or DOPcKO) as previously reported (Gaveriaux-Ruff et al., 2011). The genetic background of conditional DOP knock-out mice and their floxed controls was C57BL/6J:129SvPas (62.5%:37.5%). These mice were bred at the ICS animal facility, Illkirch, France, and kindly provided by Pr. Claire Gavériaux-Ruff. Adult male and female mice aged 6–20 weeks, weighing 20–32 g for females and 20–38 g for males were used. Animals from independent cohorts were distributed at best to provide groups of similar size for each gender and treatment (n = 88 DOPeGFP mice, n = 22 DOPcKO mice, n = 20 DOP-floxed mice). Mice were group-housed 2–5 per cage, under standard laboratory conditions (12 h dark/light cycle, lights on at 7 am) in temperature (21 ± 1°C) and humidity (55 ± 10%) controlled rooms with food and water ad libitum. All experiments were approved by the “Comité d’Ethique en Matière d’Expérimentation Animale de Strasbourg” [authorization number 201503041113547 (APAFIS#300).02] and conducted in agreement with the EU Directive 2010/63/EU for animal experiments.



Neuropathic Pain Model

Neuropathic pain was induced by cuffing the main branch of the right sciatic nerve as previously described (Benbouzid et al., 2008c; Yalcin et al., 2014). Before surgeries, mice were anesthetized with ketamine (Vibrac, Carros, France)/xylazine (Rompun, Kiel, Germany; 100/10 mg/kg, i.p.). The common branch of the right sciatic nerve was exposed, and a cuff of PE-20 polyethylene tubing (Harvard Apparatus, Les Ulis, France) of standardized length (2 mm) was unilaterally inserted around it (Cuff group). Sham-operated animals underwent the same surgical procedure without cuff implantation (Sham group). Animals were placed on their left side in a clean home cage immediately after surgery and kept under the heat lamp until they awoke. Water and chow were placed directly in the home cage. The surgical site was checked daily during the next 3 days, and animals were monitored for signs of unusual suffering or infection with endpoints defined in agreement with the recommendations of the ethical committee.



Assessment of Mechanical Allodynia

Mechanical allodynia was tested using von Frey filaments and results were expressed in grams as described in Yalcin et al. (2014). Briefly, calibrated von Frey filaments (Bioseb, Vitrolles, France) were applied to the plantar surface of each hind paw until they just bent, in a series of ascending forces up to the mechanical threshold. Filaments were tested five times per paw and the paw withdrawal threshold (PWT) was defined as the lower of two consecutive filaments for which three or more withdrawals out of the five trials were observed (Yalcin et al., 2014).



Treatment Procedures

Treatment with the β2-adrenergic agonist formoterol began 4 weeks after the surgical procedure and lasted 4 weeks. Formoterol (Cat. Nr BG0369, Biotrend AG, Switzerland) was delivered by ad libitum access and as sole source of fluid dissolved in drinking water at a dose of 0.5 μg/ml (equivalent to 0.05 mg/kg/day) with 0.2% saccharin (Cat. Nr S1002, Sigma Aldrich, St Louis, MO, USA). Experimental groups for DOPeGFP mice included the Sham group (n = 36, 29 females and seven males), Cuff group (n = 29, 16 females and 13 males), and Formoterol group corresponding to Cuff mice treated with formoterol (n = 23, 14 females and nine males). Experimental groups for DOP cKO mice included Sham group (n = 6, two females and four males), Cuff group (n = 5 males), and Formoterol group corresponding to Cuff mice treated with formoterol (n = 11, seven females and four males). Experimental groups for control littermates Oprd1fl/fl (floxed mice) included Sham group (n = 7, five females and two males), Cuff group (n = 5 males), and Formoterol group corresponding to Cuff mice treated with formoterol (n = 8, two females and six males). Sham and Cuff groups both received control saccharin solution 0.2% in drinking water. Sham and Cuff groups were identical to those published previously in Ceredig et al. (2018).



Tissue Preparation and Immunohistochemistry

Mice were anesthetized with ketamine (Vibrac, Carros, France)/xylazine (Rompun, Kiel, Germany; 100/10 mg/kg, i.p.) and perfused intracardially with 100 ml of ice-cold (2–4°C) 4% paraformaldehyde (PFA) in phosphate buffer 0.1 M pH 7.4 (PB). Ipsilateral (right) and contralateral (left) L4 to L6 lumbar DRG were dissected out and post-fixed for 90–120 mins at 4°C in 4% PFA in PB, cryoprotected at 4°C in 30% sucrose in PB for 24 h, embedded in OCT (Optimal Cutting Temperature medium, Thermo Fisher Scientific, Waltham, MA, USA), frozen and kept at −80°C. DRG longitudinal sections (16 μm thick) were cut with a cryostat (Microm Cryo-star HM560) and kept floating in PB.

Immunohistochemistry was performed according to standard protocols as previously described in Ceredig et al. (2018). Briefly, DRG sections were incubated for 1 h at room temperature (RT) in the blocking solution consisting of PB with 0.2% Tween 20 (PBT; Cat. Nr 85114, Thermo Fisher Scientific, Waltham, MA, USA), 3% normal goat serum (Invitrogen, Paisley, UK) and 3% donkey serum when needed (D9663 Sigma-Aldrich, St Quentin Fallavier, France). The sections were then incubated overnight at 4°C in the blocking solution with the appropriate primary antibodies: polyclonal rabbit anti-GFP (Cat. Nr A-11122, Invitrogen, dilution 1:1,000), sheep polyclonal anti-CGRP (Cat. Nr. AB 22560, Abcam, dilution 1:2,000). Three washes were performed with PBT before sections incubated for 2 h at RT in dim light with goat anti-rabbit IgG conjugated with Alexa Fluor 488 (Cat. Nr A-11012, Molecular Probes, dilution 1:2,000) and donkey anti-sheep IgG conjugated with Alexa Fluor 594 (Cat. Nr A-11016, Molecular Probes, dilution 1:2,000). Following three washes with PBT, the sections were mounted with MOWIOL (Calbiochem, Darmstadt, Germany) and 4,6-diamino-phenylindole (DAPI; Roche Diagnostic, Mannheim, Germany; 0.5 μg/ml).

Plantar skin of both hind paws (footpad and glabrous skin, 1 cm long) were fixed at 4°C in 4% PFA solution overnight, cryoprotected overnight with 30% sucrose in PB, embedded in OCT, frozen and kept at −80°C. Longitudinal cross-sections (50 μm thickness) were cut with a cryostat (MicromCryo-star HM560) and kept floating in PB. Paw tissue samples were then processed to visualize primary afferent terminals in the skin of the hind paw as previously described in Ceredig et al. (2018). Briefly, sections were treated with 0.3% H2O2, dehydrated with successive baths in ethanol then rehydrated, washed 3 times with PBS and incubated in blocking solution (PBS, 0.5% Triton X100 (PBST) with 3% normal goat serum or normal donkey serum) for 30 min at RT. After overnight incubation at 4°C in the blocking solution, the sections were incubated with the primary antibodies against anti-GFP (1:1,000) or anti-CGRP (1:2,000) antibody. The sections were then washed three times with PBST, respectively incubated for 2 h at RT with anti-rabbit or anti-goat biotinylated secondary antibody (1:400) in PBST and washed again three times with PBST before staining with Vector SG (Sk-4700, VectorLab). Samples were mounted with MOWIOL.



Image Acquisition and Analysis

Image acquisition and analysis were performed as previously described in Ceredig et al. (2018). Briefly, images were acquired with the Leica TCS SP5 confocal microscope using a 20× dry objective (Numerical Aperture: 0.7), the 40× resolution was achieved with a digital zoom factor. Confocal acquisitions in the sequential mode (single excitation beams: 405, 488 and 568 nm) were used for marker co-localization to avoid potential crosstalk between the different fluorescence emissions. Images were acquired with the LCS (Leica) software using randomly selected sections.

The ImageJ® software cell counter (approximately 15 non-adjacent sections per condition and per animal) was used to count on-screen neurons expressing a given fluorescent marker manually and blindly. Threshold was applied to fluorescence detection. Only neurons from L4-L6 DRGs with a visible nucleus were considered. Cells expressing a given marker and eGFP fluorescence were analyzed separately. During the analysis, we recorded all cross-sectional areas of cell profiles for each marker. No difference was observed in the distribution of the neuronal populations between male and female mice and data were pooled for subsequent analysis.

DOPeGFP subcellular distribution was expressed as a ratio of membrane-associated vs. cytoplasmic fluorescence densities determined as previously described (Erbs et al., 2016). Acquisitions using 63× (NA: 1.4) oil objective were performed to determine DOPeGFP subcellular distribution. Briefly, quantification of internalization was performed using the ImageJ software on 8-bit raw confocal images from neurons randomly sampled. Nuclear fluorescence was used to define the background level (no threshold was applied). Cytosolic fluorescence intensity was subtracted from whole-cell fluorescence intensity to obtain surface fluorescence intensity. Fluorescence intensity values were divided per surface unit (pixel) to obtain densities. Ratio of membrane-associated (Df memb) vs. cytoplasmic (Df cyto) fluorescence densities was calculated to normalize data across neurons examined. A value of 1.0 results from equal densities of DOPeGFP at the cell surface and in the cytoplasm.

Free nerve endings in the glabrous part of the skin were visualized using a 20× dry objective (Nikon Eclipse 80i). Counting on blinded samples was performed manually on screen using the Neurolucida software (V.10 MBF Bioscience) on at least four randomly chosen sections per animal. Density was obtained by dividing the number of afferents crossing the dermal-epidermal junction excluding secondary branching, by the total length of the section (Lauria et al., 2005).



Statistical Analysis

Behavioral analysis of von Frey testing was performed using Statistica v12 (StatSoft, France) and Graph-Pad Prism v7 (GraphPad, San Diego, CA, USA). Changes in the PWT, as a function of post-operative time (within factor) and experimental treatment (between factor), were analyzed using two-way ANOVA with repeated measures (two-way rANOVA) analysis followed by Tukey HSD post hoc test. Baseline PWT in males and females were compared using a two-sample student’s t-test. Exact p-values below 0.0001 were not provided for behavioral data (Graph-Pad Prism v7, GraphPad, San Diego, CA, USA). For cross-sectional area measurements, data were pooled per treatment group for each marker (CGRP or eGFP). In all groups, cross-sectional areas were found not normally distributed (p-value always < 10−8, Shapiro–Wilk test) using R (R Core Team, 2017). Sums of Gaussian functions were therefore adapted to the relative cumulative distribution curve of cell size, using non-linear least-square curve fitting (with nls2, nlstools and pracma R packages). Data were expressed as cumulative distributions to allow direct determination of the mean and standard error by adjusting the function of repartition on the experimental points. We compared the cumulative distributions for the various groups using the non-parametric Kolmogorov–Smirnov test (R). Treatment impact in DOPeGFP+ bins was analyzed using multiple t-tests. Statistical analysis of DOPeGFP subcellular distribution and skin fiber was performed with one-way ANOVA followed by Tuckey HSD post hoc test (Graph-Pad Prism v7, GraphPad, San Diego, CA, USA). Co-localization of DOPeGFP with neuronal markers in small size neurons (<300 μm2) was analyzed using the non-parametric Kruskal–Wallis test followed by Dunn’s post hoc test.




RESULTS


Chronic Formoterol Requires DOP Receptors Expressed in Nav1.8+ Neurons for Anti-allodynic Action

We previously established that mechanical allodynia is induced by cuff-implantation, developed directly after surgery and was maintained until up to 12–14 weeks (Yalcin et al., 2011). Also, DOP receptors expressed in Nav1.8+ neurons were shown to be mandatory for the anti-allodynic action of the antidepressant duloxetine in the cuff model (Ceredig et al., 2018). Since DOP receptors are also required for the anti-allodynic effect of a chronic treatment with the β2 agonist clenbuterol (Yalcin et al., 2010), we investigated whether the specific deletion of DOP receptors in primary afferents (peripheral DRG neurons) expressing Nav1.8 voltage-gated sodium channels (DOPcKO; Gaveriaux-Ruff et al., 2011) was also abolishing the antiallodynic action of a β2-adrenergic agonist.

Von Frey testing revealed that sciatic nerve cuffing resulted in unilateral mechanical allodynia in DOPcKO and control floxed (DOPfl/fl) animals (Figures 1A,B) as previously reported (Ceredig et al., 2018). Cuff DOPcKO mice did not recover after formoterol treatment in drinking water (50 μg/ml; two-way rANOVA, interaction treatment × time F(12,114) = 11.31, p < 0.0001, effect of time F(6,114) = 33.37, p < 0.0001, effect of treatment F(2,19) = 112.8, p < 0.0001, Tukey HSD post hoc test: formoterol treatment from day 28 to 39 vs. Sham, p < 0.0001 at each time-point; Figure 1A), whereas control DOPfl/fl Cuff animals treated with formoterol returned to baseline values at day 39, after 11 days of formoterol administration (two-way rANOVA interaction treatment × time F(12,119) = 8.386, p < 0.0001, effect of time F(6,119) = 18.56, p < 0.0001, effect of treatment F(2,119) = 84.47, p < 0.0001, Tukey HSD post hoc test: formoterol treatment vs. Sham: p < 0.0001 from day 28 to 32, p < 0.01 from day 33 to day 38, p = 0.33 on day 39; Figure 1B). Our result therefore established that DOP receptors in Nav1.8 positive neurons were mandatory to alleviate mechanical allodynia upon chronic treatment with the β2 mimetic formoterol. We thus assessed in more detail the impact of chronic formoterol treatment on neuronal populations expressing the DOP receptor using the DOPeGFP fluorescent knock-in mouse line.
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FIGURE 1. Expression of delta-opioid (DOP) receptors in Nav1.8+ neurons was mandatory for oral formoterol anti-allodynic action. The right (ipsilateral) hind paw mechanical threshold was tested using von Frey calibrated filaments. Following cuff implantation surgery, animals had lowered paw withdrawal thresholds (PWT), displaying sustained mechanical allodynia. Formoterol (0.5 μg/ml) or saccharin 0.2% control per os treatments started 4 weeks after nerve injury and were maintained for 3 weeks. (A) Mechanical threshold of the right (ipsilateral) hind paw in DOP cKO mice. Data from three separate experiments (each including the three conditions) were pooled and are expressed as means ± SEM. Sham (n = 6), Cuff (n = 5), Cuff treated with formoterol (n = 11). Two-way rANOVA and Tukey HSD post hoc test: ****p < 0.001 formoterol treatment vs. baseline. (B) Mechanical threshold of the right (ipsilateral) hind paw in control floxed mice. Data from three separate experiments (each including the three conditions) were pooled and are expressed as means ± SEM. Sham (n = 7), Cuff (n = 5), Cuff treated with formoterol (n = 8). Two-way rANOVA and Tukey HSD post hoc test: ****p < 0.0001, **p < 0.01 formoterol treatment day 39 vs. baseline: p = 0.3284.





Chronic Formoterol Alleviates Cuff-Induced Mechanical Allodynia in DOPeGFP Mice

We first verified that oral administration of the β2 adrenergic agonist-induced the expected anti-allodynic effect in the DOPeGFP knock-in mouse line. As previously reported (Ceredig et al., 2018), males had significantly higher baseline mechanical thresholds compared to females (5.4 ± 0.4 g for males vs. 3.5 ± 0.2 g for females, student’s t-test for baseline values: t = 7.18 p < 0.0001) and cuff implantation induced ipsilateral mechanical allodynia which lasted for at least 8 weeks (time of perfusion) in either sex (two-way rANOVA; males interaction treatment × time F(16,208) = 15.15, p < 0.0001; effect of treatment, F(2,26) = 318.5, p < 0.0001 from day 21 to 57 Cuff vs. Sham; females interaction treatment × time F(16,448) = 11.02, p < 0.0001, effect of treatment F(2,56) = 236, p < 0.0001 from day 21 to 57 Cuff vs. Sham; Figures 2A,B). We did not detect any change in the nociceptive threshold after sham surgery or in the contralateral hind paw of Cuff animals (data not shown).
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FIGURE 2. Chronic formoterol treatment per os relieved mechanical allodynia in DOPeGFP knock-in mice. The right (ipsilateral) hind paw mechanical threshold was tested using von Frey calibrated filaments in male and female DOPeGFP KI mice. Males (A) and females (B) had lowered PWT following cuff implantation surgery, i.e., sustained mechanical allodynia. Four weeks after nerve injury, formoterol (0.5 μg/ml) or saccharin 0.2% control per os treatments started and were maintained for 4 weeks. Data from three separate experiments (each including the three conditions) were pooled and are expressed as means ± SEM. Sham (n = 7 males and 29 females), Cuff (n = 13 males and 16 females), Cuff treated with formoterol (n = 9 males and 14 females). Two-way rANOVA and Tukey HSD post hoc test: *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. Sham. #### p < 0.001 vs. Cuff.



Formoterol treatment in drinking water (50 μg/ml) relieved mechanical allodynia at day 51 (following 23 days administration) in DOPeGFP males although not fully (two-way rANOVA Tukey HSD post hoc test: day 51 vs. Sham: p(Males) = 0.0009 and day 57 vs. Sham: p(Males) < 0.0001, day 51 and day 57 vs. Cuff: p(Males) < 0.0001; Figure 2A). In DOPeGFP females, formoterol treatment-induced almost complete relief at day 51 (two-way rANOVA Tukey HSD post hoc test: day 51 vs. Sham: p(Females) = 0.0382) and values were similar to sham mice at day 57 (two-way rANOVA Tukey HSD post hoc test: day 57 vs. Sham: p(Females) = 0.3547, day 51 and day 57 vs. Cuff: p(Females) < 0.0001; Figure 2B). This time course was similar to what we previously observed, in the same model, in male C57BL6/J mice repeatedly injected i.p. twice daily (Yalcin et al., 2010).



DOPeGFP Expression in Formoterol-Treated Mice

We then examined changes in the distribution of DOPeGFP+ neurons in the DRG (Figure 3A). As previously established (Ceredig et al., 2018), the cumulative distribution of DOPeGFP+ cells in the Cuff experimental groups was shifted towards larger cell size values compared to the Sham group (Figure 3B). The loss of DOPeGFP+ neurons with small cross-sectional areas (Multiple t-tests: Cuff vs. Sham: p = 0.03 for the 100–200 μm2 category) indicated a loss of DOPeGFP expression in small and/or medium neurons following 8 weeks of neuropathy (Figure 3C).
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FIGURE 3. DOPeGFP distribution in Sham, Cuff and Formoterol-treated animals. (A) Representative confocal image of fluorescent DOPeGFP expressing neurons in lumbar dorsal root ganglia (DRG) of sham animals. Scale bar 10 μm. (B) Distribution of DOPeGFP+ neuronal populations in Sham (3,080 neurons, n = 7 animals; light gray), Cuff (3,123 neurons, n = 6 animals; black) and Formoterol (1,917 neurons, n = 5 animals; dark gray) groups. (C) Categorical data plot of the size distribution for DOPeGFP positive neuron cross-sectional areas in Sham (white bars), Cuff (black bars) and Formoterol (checked bars) groups. Multiple t-tests: *p = 0.03 Cuff vs. Sham, *p = 0.01 Formoterol vs. Sham.



In Cuff mice chronically treated with formoterol, the distribution of the DOPeGFP+ neuronal populations remained very similar to the Cuff condition and was significantly different from the Sham group (KS test: D = 0.14212, p < 2.2 10−16; Figure 3B). Indeed, the percentage of small size neurons remained lower compared to the Sham condition (Multiple t-tests: Formoterol vs. Sham: p = 0.0137 for the 100–200 μm2 category; Figure 3C).

Since DOPeGFP expression was decreased in unmyelinated peptidergic populations in Cuff mice (Figure 3) and (Ceredig et al., 2018), we assessed the consequence of chronic formoterol treatment on the global CGRP+ population and on the proportion of the CGRP+ population also expressing DOPeGFP (Figure 4). The cumulative distribution corresponding to CGRP+ neurons showed that the shift towards larger cell size values in the Cuff group is no longer present for the smallest cross-sectional areas after treatment with formoterol although the overall distribution remained significantly distinct from the Sham group (KS test: D = 0.090945, p = 3.398 10−7; Figure 4B). However, the cumulative distribution of the CGRP+DOPeGFP+ neurons remained similar to the cuff condition and was significantly different from the Sham condition (KS test: D = 0.15672, p < 2.2 10−16; Figure 4C) with the proportion of small size neurons (<300 μm2; 6.7 ± 0.8%) remaining similar to the Cuff condition (4.3 ± 0.5%) and lower compared to the Sham condition (16.5 ± 1.3%; KW test: p < 0.0001, Dunn’s post hoc test Sham vs. Cuff p = 0.0007, Sham vs. Formoterol p = 0.0352, Cuff vs. Formoterol p > 0.9999; Figure 4D). Therefore, chronic treatment with formoterol did not appear to restore the loss of DOPeGFP+ neurons induced by the neuropathic condition in small peptidergic neurons.


[image: image]

FIGURE 4. Impact of formoterol treatment on DOPeGFP colocalization with CGRP+ populations. (A) Representative fluorescence micrographs showing DOPeGFP co-localization with the neuronal marker calcitonin gene-related peptide (CGRP; red) as indicated by arrows in the overlay figure. Nuclei are stained with DAPI (blue). Scale bar 10 μm. (B) Distribution of CGRP+ neuronal populations in Sham (3,351 neurons, n = 7 animals; light gray), Cuff (1,331 neurons, n = 6 animals; black), and Formoterol (1,311 neurons, n = 5 animals; dark gray). (C) Distribution of neuronal populations co-expressing DOPeGFP and CGRP in Sham (803 neurons, n = 7 animals; light gray), Cuff (438 neurons, n = 6 animals; black) and Formoterol (294 neurons, n = 5 animals; dark gray) groups. (D) Percentage of cells co-expressing DOPeGFP and CGRP in neurons with areas <300 μm2 in Sham (n = 6; [image: image]), Cuff (n = 6; [image: image]) or Formoterol (n = 5; [image: image]) animals. Values expressed as mean ± SEM. Kruskal–Wallis test and Dunn’s post-test: *p < 0.05, ***p < 0.001 vs. Sham.





DOPeGFP Expression at the Plasma Membrane in Formoterol-Treated Mice

Enhanced DOP expression at the plasma membrane was previously described in neuropathic conditions (Gendron et al., 2015). This observation was confirmed in the cuff model by showing that the ratio of fluorescence associated with the cell surface was significantly increased compared to the fluorescence associated with the intracellular compartments in the DOPeGFP+ neurons (Figure 5) as also previously reported (Ceredig et al., 2018). Formoterol treatment decreased membrane-associated fluorescence to values which were even lower than those of neurons in the Sham condition (Sham 1.16 ± 0.03, Cuff: 1.35 ± 0.04, formoterol 0.94 ± 0.05, one-way ANOVA F(2,89 = 28.8 p < 0.0001 Tukey HSD post hoc test Cuff vs. Sham p = 0.002, Cuff vs. Formoterol p < 0.0001, Sham vs. Formoterol p = 0.0002; Figure 5B). This indicates that treatment with formoterol suppressed the increase in DOP receptor surface expression observed in neuropathic mice.
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FIGURE 5. DOPeGFP expression at the cell surface in Formoterol-treated mice. (A) Representative fluorescence micrographs of DOPeGFP-positive neuron in Sham, Cuff and cuff animals treated with formoterol. Scale bar 10 μm. (B) DOPeGFP subcellular distribution was increased in neuropathic conditions and reduced after formoterol treatment compared to Sham. Data are expressed as means ± SEM (Sham: n = 32 cells from four animals, Cuff: n = 30 cells from three animals, Formoterol: n = 30 cells from three animals). One-way ANOVA and Tukey HSD post hoc test: **p < 0.01, ***p < 0.001 vs. Sham and #### p < 0.0001 vs. Cuff, p > 0.5 Formoterol vs. Cuff.





CGRP and DOPeGFP Expression in the Skin of Formoterol Treated Mice

A decrease in CGRP+ intra-epidermal nerve fiber (IENF) fiber length and density, as well as decrease in DOPeGFP+ IENF density, was reported 8 weeks post cuff surgery (Nascimento et al., 2015; Ceredig et al., 2018). We thus assessed whether treatment with formoterol impacted CGRP+ and DOPeGFP+ IENFs (Figure 6). The density of CGRP+ IENFs in the glabrous skin of the hind paw of cuffed mice treated with formoterol remained at a level comparable to the Cuff group (one-way ANOVA F(2,8) = 49.15, p < 0.0001; Tukey HSD post hoc test Sham vs. Cuff p < 0.0001, Sham vs. Formoterol p < 0.0001, Cuff vs. Formoterol p = 0.771; Figure 6B). The density of DOPeGFP+ IENFs was higher in formoterol treated animals compared to the Cuff group but remained significantly lower compared to the Sham condition [one-way ANOVA F(2,9) = 371, p < 0.0001; Tukey HSD post hoc test Sham vs. Cuff p < 0.0001, Sham vs. Formoterol p < 0.0001, Cuff vs. Formoterol p = 0.0008 (Figure 6C)]. As a whole, chronic formoterol treatment did not restore CGRP+ expression and induced partial recovery of DOPeGFP expression in the IENFs.
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FIGURE 6. Density of CGRP+ and DOPeGFP+ free nerve endings in the skin. Representative micrograph of (A) CGRP or DOPeGFP intra-epidermal nerve fiber (IENF) labeling in the skin of Sham, Cuff and cuff animals treated with formoterol (black arrows). Scale bar 10 μm. (B) The density of CGRP+ free nerve endings in the glabrous skin of the right hind paw was decreased in Cuff animals and Cuff animals treated with formoterol. Data are expressed as means ± SEM, n = 4 mice for Sham and Cuff and n = 3 for Formoterol. One-way ANOVA and Tukey HSD post hoc test: ****p < 0.0001 vs. Sham. (C) The density of DOPeGFP+ free nerve endings in the glabrous skin of the right hind paw was decreased in Cuff animals and only partially restored in Cuff animals treated with formoterol compared to Sham. Data are expressed as means ± SEM, n = 4 mice per condition. One-way ANOVA and Tukey HSD post hoc test: ****p < 0.0001 vs. Sham, ### p < 0.001 vs. Cuff.






DISCUSSION

We first showed that oral administration of the β2 adrenergic agonist formoterol was as effective as its intraperitoneal injection (Yalcin et al., 2010) to alleviate mechanical allodynia in the cuff model of neuropathy. We then identified peripheral DOP receptors as mandatory for the antiallodynic effect and determined the impact of chronic formoterol on the expression of DOP receptors in the lumbar DRGs and skin IENFs.

Several studies pointed to the role of DOP receptors, and more specifically peripheral DOP receptors present in Nav1.8+ neurons, to counteract mechanical allodynia in neuropathic conditions induced by sciatic nerve ligation (Nadal et al., 2006; Gaveriaux-Ruff et al., 2011; Nozaki et al., 2012). Previous work by the group established that the antiallodynic action of chronic tricyclic antidepressant and SNRI treatments require DOP and β2 adrenergic receptors (Yalcin et al., 2010; Choucair-Jaafar et al., 2014; Kremer et al., 2018). Systemic administration of the DOP antagonist naltrindole also blocked the antiallodynic action of chronic administration of β2 adrenergic agonists (Yalcin et al., 2010; Choucair-Jaafar et al., 2014). In the case of the SNRI duloxetine, peripheral DOP receptors expressed in Nav1.8+ neurons were mandatory for the antiallodynic effect as no recovery was observed in the DOP cKO mouse line in which peripheral DOP receptors were selectively ablated in neurons expressing the Nav1.8 sodium channel (Ceredig et al., 2018). Here, we showed that peripheral DOP receptors expressed in Nav1.8+ neurons were also mandatory for the β2-adrenergic agonist formoterol to alleviate mechanical allodynia. Our results, therefore, establish that peripheral DOP receptors, likely located on C nociceptors, are necessary for the effective antiallodynic effect of the two chronic treatments. They also suggest that DOP receptor expression is modulated by the noradrenergic component of SNRIs.

In our previous work, we have characterized changes in DRG neuronal populations in the neuropathic condition resulting from sciatic nerve cuffing (Ceredig et al., 2018). Our main findings highlighted a decrease in the proportion of small size peptidergic neurons (≤300 μm2) and IENFs expressing DOPeGFP 8 weeks after cuff surgery as well as increased DOPeGFP expression at the plasma membrane (Ceredig et al., 2018), suggesting that these changes may contribute to control mechanical nociception. Here, we showed that chronic formoterol administration promoted partial recovery of DOPeGFP expression in free nerve endings in the skin but not in small CGRP+ neurons in the DRGs. This contrasts with the higher DOPeGFP expression found in small unmyelinated peptidergic neurons (≤300 μm2) following chronic duloxetine administration. The reason for this difference is unknown but it could correspond to the use of a suboptimal dose of formoterol as also suggested by the dose-response curve performed using intraperitoneal injections (Yalcin et al., 2010). It is indeed unlikely to depend on the serotoninergic component of the SNRI action since selective serotonin reuptake inhibitors did not alleviate mechanical allodynia (Benbouzid et al., 2008a). Our results, however, confirmed that DOP expression in the nerve terminals, likely unmyelinated peripheral axons of C mechanonociceptors (Brederson and Honda, 2015) appeared a primary determinant of mechanical sensitivity and might constitute a valuable marker of the neuropathic state.

Chronic pain was shown to increase DOP receptor translocation to the plasma membrane in the DRGs (reviewed in Gendron et al., 2015) and our data showed a similar increase in DOPeGFP surface expression in the cuff model. Chronic formoterol was associated with low DOP receptor expression at the plasma membrane that was even below values observed in the sham condition. The low DOPeGFP expression at the surface was also observed in mice chronically treated with duloxetine (Ceredig et al., 2018) and, therefore, seems a common mechanism by which the two antiallodynic treatments counteract mechanical hypersensitivity. The underlying mechanisms, however, remain elusive. DOP and β2 adrenergic receptors have been proposed to form heteromers based on studies performed in co-transfected cells (Jordan et al., 2001). However, β2 adrenergic receptors are expressed in satellite cells in the DRGs (Bohren et al., 2013) whereas DOP dependent analgesia is mediated at the neuronal level (Gaveriaux-Ruff et al., 2011; Ceredig et al., 2018; this work) and is independent of microglial activation (Mika et al., 2014) which precludes direct molecular interactions. The delayed antiallodynic action of both formoterol and duloxetine suggests that it requires cellular adaptations to take place. Lesion of peripheral noradrenergic fibers with guanethidine, a toxin that does not cross the blood brain barrier abolished the antiallodynic action of duloxetine (Kremer et al., 2018) supporting common involvement of peripheral β2 adrenergic receptors. Formoterol (Bohren et al., 2013) as well as antidepressants (Kremer et al., 2018) counteracted the increase in TNFα associated with neuropathic pain and downregulated the activity of the glial NFκB-TNFα pathway, a key regulator of proinflammatory cytokine production (Leung and Cahill, 2010). However, this anti-neuroinflammatory action is also shared by gabapentinoids that do not need opioid receptors for their antiallodynic action (Kremer et al., 2016b). This rather supports a view in which the anti-neuroinflammatory effect and the modulation of DOP expression and activity are not directly related.

There are few clues as to which DOP-dependent mechanisms mediate the anti-allodynic action following formoterol or SNRI chronic treatment. Current data point to an indirect effect through increased endogenous opioid peptide release by the native and adaptative immune systems, which can activate neuronal opioid receptors to alleviate mechanical allodynia (Binder et al., 2004; Celik et al., 2016). Indeed, noradrenergic sprouting consequent to nerve injury would activate the β2-adrenoceptors expressed by immune cells and promote the release of enkephalin, dynorphin and β-endorphin by these cells (Binder et al., 2004; Celik et al., 2016; Pannell et al., 2016). Similarly, enkephalins are also present in the skin (Slominski et al., 2011). Moreover, sympathetic fiber sprouting is known to take place in the skin in the cuff model (Nascimento et al., 2015) and is located close to cells expressing β2 adrenergic receptors and β-endorphin in inflamed paw tissue providing a way to activate not only MOP but also DOP receptors (Binder et al., 2004). Activation of DOP receptors could, in turn, induce pain relief by reducing Nav1.8 channel activity via inhibition of p38 mitogen-activated protein kinase as described for Nav1.7 channels in a rat model of diabetic neuropathy (Chattopadhyay et al., 2008).

In summary, our work established that DOP receptors expressed in Nav1.8+ neurons were mandatory for the anti-allodynic action of chronic treatment with the β2 adrenergic agonist formoterol. It also revealed that chronic formoterol partially reversed the loss of peripheral DOP receptors in the skin and counteracted enhanced DOP expression at the plasma membrane. Our study thus adds to current literature pointing to potential interest in repositioning β2 adrenergic agonists for the treatment of neuropathic pain.
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Nowadays, pain represents one of the most important societal burdens. Current treatments are, however, too often ineffective and/or accompanied by debilitating unwanted effects for patients dealing with chronic pain. Indeed, the prototypical opioid morphine, as many other strong analgesics, shows harmful unwanted effects including respiratory depression and constipation, and also produces tolerance, physical dependence, and addiction. The urgency to develop novel treatments against pain while minimizing adverse effects is therefore crucial. Over the years, the delta-opioid receptor (DOP) has emerged as a promising target for the development of new pain therapies. Indeed, targeting DOP to treat chronic pain represents a timely alternative to existing drugs, given the weak unwanted effects spectrum of DOP agonists. Here, we review the current knowledge supporting a role for DOP and its agonists for the treatment of pain. More specifically, we will focus on the cellular and subcellular localization of DOP in the nervous system. We will also discuss in further detail the molecular and cellular mechanisms involved in controlling the cellular trafficking of DOP, known to differ significantly from most G protein-coupled receptors. This review article will allow a better understanding of how DOP represents a promising target to develop new treatments for pain management as well as where we stand as of our ability to control its cellular trafficking and cell surface expression.

Keywords: delta-opioid receptor, pain, primary afferents, G protein-coupled receptors, trafficking

Affecting more than one-third of the North American population during their lifetime, chronic pain is more frequent than cardiovascular diseases, diabetes, and cancer combined (Gaskin and Richard, 2012). According to the 2010 Medical Expenditure Panel Survey (MEPS), chronic pain is one of the most important socio-economic burdens in the U.S., with estimated annual costs ranging from $560 to $635 billion; $261 to $300 billion in direct health care costs and $299 to $335 billion in lost productivity and other indirect costs (Gaskin and Richard, 2012). With the aging population, these numbers are predicted to double within the next decade. Despite notorious adverse effects and lack of effectiveness in many types of pain, opioids remain the standard of care for treating moderate to severe conditions (Ballantyne et al., 2016). The use of opioids has led to their widespread diversion and misuse calling upon the U.S. Department of Health and Human Services (HHS) to declare an opioid crisis in 20171 (Kirson et al., 2017; Iwanicki et al., 2018). In concert with pharmaceutical companies and academic research centers, three main goals were elaborated: (1) design safe, effective, and non-addictive strategies to manage chronic pain; (2) new, innovative medications and technologies to treat opioid use disorders; and (3) improved overdose prevention and reversal interventions to save lives and support recovery2.

Opioids act via the opioid receptors, namely Mu (μ), Kappa (κ), and Delta (δ). The most prescribed opioids (e.g., morphine, Fentanyl, codeine) preferentially target the μ opioid receptors (MOP). These substances, being among the most potent analgesics, produce diverse effects and are responsible for almost all prototypic opioid unwanted effects such as euphoria, mental clouding, sedation, respiratory depression and cough suppression, pupillary miosis (oculomotor nerve parasympathetic stimulation), antidiuresis, urinary retention, nausea and vomiting, bradycardia and vasodilation, constipation and biliary retention, and histamine release (Katzung et al., 2009; Khademi et al., 2016).

Selective activation of the δ opioid receptor (DOP) has great potential for the treatment of chronic pain (Kieffer and Gavériaux-Ruff, 2002; Gavériaux-Ruff and Kieffer, 2011) with ancillary anxiolytic- and antidepressant-like effects (Chu Sin Chung and Kieffer, 2013). Their ability to cause emotional responses is highly desirable because of the frequent association of anxiety and mood disorders with chronic pain (Goldenberg, 2010a, b). Compared to MOP agonists, molecules acting on DOP typically show reduced adverse effects. Here, we review important findings supporting a role for DOP in the treatment of chronic pain. Because its physiological roles are directly related to its cellular and subcellular expression, we also discuss the distribution of DOP along the pain pathways as well as the cellular mechanisms regulating its trafficking to the cell surface.


ASCENDING AND DESCENDING PAIN PATHWAYS

Pain processing runs through a distinctive neurological pathway. The propagation of pain starts with the activation of receptors, called nociceptors, which are found widely in peripheral tissues, muscles, and organs (Almeida et al., 2004). The nociceptive sensory fibers transform stimuli and generate a membrane potential which, if the threshold is reached, generates an impulse (Khalid and Tubbs, 2017). Whether or not the action potential is initiated depends on the intensity of the stimulus (Mense, 1983; Millan, 1999; Bester et al., 2000; Almeida et al., 2004). Nociceptors have a high threshold compared to other receptors and only a strong, potentially harmful stimulus, activates them (Woolf and Ma, 2007). The impulse propagates along the primary afferent fiber to reach the central nervous system. Primary afferent fibers are pseudo-unipolar neurons which means their cell body has one emerging axon that divides in peripheral and central projections. The peripheral branch innervates the target organ (skin, muscle, viscera) while the central axon projects to the dorsal horn of the spinal cord which is organized in anatomically different laminae (Basbaum and Jessell, 2000; Almeida et al., 2004; Khalid and Tubbs, 2017). The cell bodies of the primary afferents are located in dorsal root (DRGs) and trigeminal ganglia (TGs; Basbaum et al., 2009; Dubin and Patapoutian, 2010). These neurons are commonly classified according to their size (small, medium and large diameter neurons), conducting velocity, and levels of myelination. Interestingly, DRG and TG neurons have various roles when it comes to proprioception, exteroception, and nociception. Medium diameter myelinated (Aδ) fibers and small diameter unmyelinated C fibers are mainly responsible for nociception (Mense, 1983; Woolf and Ma, 2007; Garland, 2012). Aα and Aβ fibers are also primary afferent fibers respectively implicated in proprioception and touch, although they may also be involved in nociception (Watson, 1981; Djouhri and Lawson, 2004; Abraira and Ginty, 2013; Le Pichon and Chesler, 2014). After the integration of the noxious stimuli at the spinal cord level, the nociceptive signal travels through different ascending pathways to the thalamus and the brainstem, namely the spinothalamic and the spinoreticulothalamic tracts (for a review see Almeida et al., 2004). Once the signal reaches the cortical structures, it is processed at the level of the sensory, the cingulate, and the insular cortices (Apkarian et al., 2005; Basbaum and Julius, 2006). In addition to the ascending pain pathways, an endogenous inhibitory system called the descending pain modulatory circuit is also part of the pain circuitry. This circuit involves multiple regions of the central nervous system such as the frontal neocortex, the hypothalamus, the amygdala, the rostral anterior cingulate cortex (rAAC), the periaqueductal gray region (PAG), the medulla and the rostroventral medulla (RVM; Fields et al., 2006; Ossipov et al., 2010). This ensemble projects to the dorsal horn of the spinal cord to modulate the ascending pain signal (Fields et al., 2006; Ossipov et al., 2010). In order to alleviate pain, a drug must therefore act on a target expressed at least in one of these structures.



DELTA OPIOID RECEPTOR DISTRIBUTION IN THE CENTRAL NERVOUS SYSTEM

To this day, the cellular distribution of DOP along the pain pathways remains unclear. Depending on the technique used to assess the expression of DOP in tissue, significant differences are observed concerning its localization. Approaches such as in situ hybridization, immunohistochemistry, autoradiography using radiolabeled ligands, GTPγS assay and genetically modified mouse models have been used to study the istribution of DOP (Quirion et al., 1983; McLean et al., 1986; Mansour et al., 1987, 1994; Dado et al., 1993; Simonin et al., 1994; Cahill et al., 2001a; Mennicken et al., 2003; Guan et al., 2005; Scherrer et al., 2009; Wang et al., 2010). Small discrepancies in the distribution of the receptor between studies can be attributed to differences in tissue processing, the use of different species, and/or ligand sensitivity. However, one of the most important controversies in the field arises from a comparison of the receptor distribution using antibodies raised against DOP and the use of DOP-eGFP knockin (DOP-eGFP KI) transgenic mice. The distribution of DOP using these two techniques is noticeably different and certain concerns arise for either one. Admittedly, most antibodies raised against DOP lack specificity since many commercially available and custom antibodies stain the spinal cord of DOP-KO mice similarly to the wild type mice (Scherrer et al., 2009). Although the use of mice expressing chimeric receptors bearing a 23 kDa GFP protein within their intracellular loops or their C-terminal tail might not be the best approach to visualize the endogenous distribution of DOP, this tool offers the possibility to directly detect the receptor in native or fixed tissues, sometimes without the need to use antibodies. However, the use of such intracellular tags (like GFP) is a matter of debate. Indeed, the cellular distribution and compartmentalization of DOP (Gendron et al., 2015; Zhang et al., 2015) and other GPCRs (McLean and Milligan, 2000; Madziva and Edwardson, 2001; McDonald et al., 2007) is altered by the addition of an eGFP tag. To summarize, each technique has its strengths and weaknesses for identifying DOP in tissues.


Expression of DOP in the Brain

The delta-opioid receptor (DOP) is widely distributed in the brain, without significant difference between rodents and humans (Simonin et al., 1994). Along the pain pathways, DOP is expressed in structures of both the ascending and the descending pain pathways. More specifically, DOP is found in the PAG, the RVM, the cerebral cortex and the amygdala (Mansour et al., 1987, 1994, 1995; Tempel and Zukin, 1987; Sharif and Hughes, 1989; Kiefel et al., 1993; Slowe et al., 1999; Cahill et al., 2001a; Peng et al., 2012). More interestingly, DOP likely participate not solely in the control of pain but also of mood disorders such as anxiety and depression (Chu Sin Chung and Kieffer, 2013; Lutz and Kieffer, 2013).



Expression of DOP in the Spinal Cord

In the rodent spinal cord, the expression of DOP is predominant in superficial laminae I and II. The expression also extends to other laminae, including a broad distribution throughout the gray matter (Cahill et al., 2001a,b, 2003; Mennicken et al., 2003) and motoneurons located in the ventral horns (Wang et al., 2018). Various techniques including immunohistochemistry (Cahill et al., 2001a), autoradiography using DOP-selective radioligands (Mennicken et al., 2003; Bardoni et al., 2014; Wang et al., 2018), in situ hybridization (Cahill et al., 2001a; Mennicken et al., 2003; Wang et al., 2018), and transgenic mice (DOP-eGFP KI mice; Scherrer et al., 2009) supports this wide distribution of DOP. The study of the cellular distribution of DOP in DOP-eGFP KI mice revealed that most DOP-positive neurons located in lamina II express TLX3, a marker for spinal excitatory interneurons. The presence of DOP in these neurons is supported by electrophysiological studies where the resting membrane potential and action potential firing patterns were measured (Wang et al., 2018). These neurons are now known to be somatostatin-positive neurons likely involved in the transmission of mechanical noxious stimuli (Bardoni et al., 2014; Chamessian et al., 2018; Wang et al., 2018).

In higher species, the distribution of DOP in the spinal cord looks slightly different (Mennicken et al., 2003). In monkeys, radioligand binding revealed that DOP is expressed at a higher level in superficial rather than in deeper laminae, with a high density of DOP labeling in lamina II (Honda and Arvidsson, 1995; Zhang et al., 1998; Mennicken et al., 2003). More interestingly, DOP binding sites in the human spinal cord are even more restricted to the superficial laminae, with no apparent labeling in laminae III-X (Mennicken et al., 2003). A more restricted expression of DOP in the human spinal cord calls for the role of DOP in the regulation of the activity of primary afferents. The apparent lack of DOP mRNA in the human spinal cord (Peckys and Landwehrmeyer, 1999; Mennicken et al., 2003) suggests that the receptor is present on synaptic terminals of primary afferents projecting to laminae I and II while, in rodents and monkeys, in situ hybridization showed a widespread distribution of DOP mRNA throughout the gray matter. DOP mRNA is also expressed in motoneurons in the ventral horn of the mouse, rat, and monkey spinal cord, but not in humans (Mennicken et al., 2003). To summarize, the expression pattern of DOP mRNA and protein in the human spinal cord, but also other species, supports a role for DOP in pain control. In all species, but more specifically in humans, the presence of DOP on what appears to be the primary afferent endings suggests that this receptor is synthesized in primary afferents and transported to the spinal cord (Mennicken et al., 2003). This is further supported by the fact that deafferentation significantly decreased the density of DOP in the dorsal horn of the spinal cord in rodents (Dado et al., 1993).



Expression of DOP in Primary Afferents

As mentioned above, DOP is expressed in primary afferents, the very first step of pain processing pathways. Somatosensory neurons, more specifically DRG neurons, are responsible for the detection and the transmission of noxious stimuli to the brain. In DRG neurons, opioid receptors regulate cell excitability and neurotransmitter release (François and Scherrer, 2018). However, the exact distribution of DOP in these neurons remains controversial.

There are two diverging opinions on DOP’s distribution in somatosensory neurons. The first school of thought infers that DOP is found mainly in large myelinated DRG neurons and reports a low level of co-expression with MOP (Scherrer et al., 2009; Bardoni et al., 2014). The DOP-eGFP KI mouse model reveals that DOP labeling is mainly observed in NF200-positive cells, a marker of myelinated DRG neurons (Scherrer et al., 2009). Single-cell RNA sequencing further supports that Orpd1 transcripts were solely found in NF200-positive DRG neurons (Usoskin et al., 2015). Moreover, most DOP-eGFP-positive cells also express TRPV2, a channel found in myelinated neurons. Since most myelinated somatosensory neurons are mechanosensitive, this distribution suggests that DOP plays a role in mechanical pain (Usoskin et al., 2015). In support of this hypothesis, a significant level of DOP labeling is found in high-threshold mechanosensitive A-fibers (A HTMRs). Interestingly, DOP-eGFP is also co-expressed with Ret and/or TrkC, markers of low-threshold mechanosensitive A-fibers (A LTMRs; François and Scherrer, 2018). Although in small proportion, it is worth noting that DOP-eGFP is also found in unmyelinated DRG neurons. These neurons were mainly identified as small unmyelinated neurons expressing IB4 and P2X3, markers for nonpeptidergic C nociceptors. Only a few DOP-eGFP-positive neurons, if any, were identified as SP-, CGRP- and TRPV1-positive, confirming that DOP is rarely found in small peptidergic DRG neurons. Using an antibody raised against MOP, immunohistochemical studies revealed that in DOP-eGFP KI mice, DOP and MOP were rarely co-expressed in the same DRG neurons (less than 5% of co-expression) but rather segregated in distinct populations, suggesting that these receptors might play different roles when it comes to pain modulation. Indeed, DOP was shown to be mostly implicated in mechanical pain control while MOP controls thermal pain (Scherrer et al., 2009).

The second school of thought rather promotes the idea that the distribution of DOP includes small DRG neurons (Ji et al., 1995; Wang and Wessendorf, 2001) and that DOP and MOP are co-expressed in some neurons. Immunohistochemistry, RT-PCR and single-cell PCR techniques have shown that DOP-positive DRG neurons were often of small-diameter (Ji et al., 1995; Guan et al., 2005; Wang et al., 2010), with one-third of these neurons also co-expressing SP or CGRP (Guan et al., 2005; He et al., 2010; Wang et al., 2010). Additionally, some studies suggested that DOP is found both in small and large DRG neurons. Indeed, RT-PCR, in situ hybridization and immunohistochemistry approaches revealed that DOP is located almost equally in all types of neurons (Wang and Wessendorf, 2001; Mennicken et al., 2003; Rau et al., 2005). The presence of DOP on both myelinated and unmyelinated peptidergic and non-peptidergic somatosensory neurons supports a role in heat and mechanical pain control. In animal models, the selective activation of DOP was indeed shown to alleviate both mechanical and thermal pain (Tseng et al., 1997; Gendron et al., 2007b; Holdridge and Cahill, 2007; Beaudry et al., 2009; Dubois and Gendron, 2010; Otis et al., 2011; Normandin et al., 2013). Among these findings, our group has shown, using in vivo electrophysiology, that the activation of spinal DOP with deltorphin II led to the inhibition of the diffuse noxious inhibitory controls (DNIC) activated by heat and mechanical noxious stimuli (Normandin et al., 2013). We further observed that both DOP and MOP were able to inhibit the noxious heat- and mechanical-induced release of SP in the spinal cord (Beaudry et al., 2011; Normandin et al., 2013).

A thorough characterization of DOP on central terminals of primary afferents revealed important differences between rodents and primates. When compared to rodents, not only more DRG neurons express DOP, the receptor is also expressed in a higher proportion of medium- and small-diameter neurons in human and non-human primates, supporting a more specialized role for DOP in pain processing in higher species (Mennicken et al., 2003).

Regardless of the subcellular distribution of DOP in nociceptors, electrophysiological studies confirmed that the activation of DOP reduced the amplitude of evoked excitatory postsynaptic currents (Glaum et al., 1994). This suggests that the excitatory glutamatergic transmission in the lamina II of the spinal cord is inhibited by a presynaptic action of DOP (Glaum et al., 1994; Wang et al., 2010; François and Scherrer, 2018), highlighting a role for the receptor in pain modulation at the presynaptic level. If the distribution of DOP in primary afferents and spinal cord neurons remains a matter of debate, its expression in all structures involved in pain processing, as well as its more restricted expression within structures implicated in pain modulation in higher species, raise DOP among the most promising targets for the development of novel pain therapies.




TRAFFICKING OF DOP IN NEURONS

The major challenge in making new therapeutics for the treatment of pain, and most particularly chronic pain, is to develop molecules maximizing analgesia while minimizing adverse effects. Because they do not produce the common adverse effects associated with clinically used opioids, this is exactly where DOP-selective agonists could be useful (Pradhan et al., 2011). However, under normal conditions, DOP agonists only have weak analgesic effects in animal models of evoked pain. It is now recognized that the weak analgesic potency of DOP agonists is the consequence of a low level of expression at the plasma membrane (Cahill et al., 2007; Pradhan et al., 2011). Indeed, several studies employing electron microscopy immunogold labeling, photoaffinity-labeling of endogenous receptors, and biochemical subcellular fractionation techniques showed that DOP mainly localizes in intracellular compartments and organelles while only a small portion is associated with the plasma membrane of neurons (Pasquini et al., 1992; Zerari et al., 1994; Arvidsson et al., 1995; Cheng et al., 1995, 1997; Elde et al., 1995; Zhang et al., 1998; Petäjä-Repo et al., 2000, 2002, 2006; Cahill et al., 2001a,b; Commons et al., 2001; Wang and Pickel, 2001; Commons, 2003; Guan et al., 2005; Lucido et al., 2005; Gendron et al., 2006). If the hope is to develop pain therapies targeting DOP, strategies to increase its levels of expression at the neuronal plasma membrane need to be described. Ways to control the trafficking of DOP and to increase its cell surface expression include prolonged morphine treatment (or other MOP agonists) or inflammation induced by complete Freund’s adjuvant (CFA; Cahill et al., 2001b, 2003; Morinville et al., 2003; Gendron et al., 2006, 2007a,b). Indeed, following such treatments the density of DOP at the cell surface increases in spinal cord (Cahill et al., 2001b; Morinville et al., 2004), DRG (Cahill et al., 2001a, 2003; Morinville et al., 2003; Gendron et al., 2006, 2007a,b), and central gray neurons (Lucido et al., 2005). As of to date, the mechanisms involved in this process remain poorly described. Several DOP interacting partners have been identified, some of which are involved in protein trafficking. Here, we review these DOP partners in light of their potential role in controlling the cellular trafficking of DOP and, by way of consequence, the analgesic potency of DOP agonists. Depending on their role in regulating the trafficking of DOP toward the plasma membrane, targeting these proteins may serve as a strategy to develop new drugs capable of increasing the analgesic potency of DOP agonists.

There are two major trafficking pathways described for membrane proteins, namely the regulated (or secretory) and the constitutive pathways. Numerous evidence supports the idea that DOP uses both paths to reach the plasma membrane. After being synthesized in the endoplasmic reticulum (ER), membrane proteins undergo a quality check. Improperly folded proteins will be targeted to lysosomes for degradation while those correctly folded will process to the Golgi apparatus where they will undergo post-translational modifications like glycosylation (Sicari et al., 2019). Mature proteins then progress toward the plasma membrane either through the regulated or the constitutive pathway. The protein cofilin, an actin severing protein and a potent regulator of actin filament dynamics, is involved in protein trafficking through the constitutive pathway. Cofilin has a role in improving or repressing the release of proteins from the Golgi apparatus to the cell surface (Heimann et al., 1999; Egea et al., 2006; Salvarezza et al., 2009). Its ability to bind and depolarize actin is, however, inhibited when it is phosphorylated by LIM-kinase 1, a serine/threonine kinase that has LIM and PDZ domains (Yang et al., 1998). This kinase may participate in the cytoskeleton reorganization by phosphorylating cofilin. Cofilin and proteins such as chronophin and LIM kinase interact and colocalize at the membrane level with β-arrestin (β-arr), supporting a role for the latter in regulating their activity (Zoudilova et al., 2007). These processes were recently shown to be involved in the trafficking of DOP to the plasma membrane (Mittal et al., 2013). In this context, strategies to decrease β-arr1 or its interaction with DOP, as well as ROCK or LIM kinase inhibition represent ways to prevent cofilin activation and, by way of consequence, to increase DOP-mediated effects.

An association between DOP and downstream effectors such as the Kir3 ion channel has also been described (Richard-Lalonde et al., 2013; Nagi et al., 2015). BRET and co-immunoprecipitation assays revealed that DOP associates with Kir3 channel subunits in cortical neurons where they also co-internalize upon stimulation with an agonist (Nagi et al., 2015). Other known regulators of DOP trafficking are the G protein-coupled receptor kinases (GRKs). GRKs mediate the phosphorylation on their cytoplasmic tail of numerous GPCRs, including DOP. When phosphorylated by GRKs, DOP promotes the recruitment of β-arrestin, inducing its accumulation into clathrin-coated pits and endocytic vesicles (Chu et al., 1997; Zhang et al., 1999; Whistler et al., 2001). The endocytosis of DOP plays a role in DOP downregulation by triggering its traffic to the degradation path (Law et al., 1984). Although observed in various cellular models and native neurons (Tsao and von Zastrow, 2000; Scherrer et al., 2006), the degradation path is not the only outcome for the sorting of DOP following its internalization. Indeed, the fate of internalized receptors is controlled by the endosomal sorting complex required for transport (escrt). The escrt complex distinguishes the ubiquitinated receptors and guides them to the multivesicular bodies (MVB) where they are addressed to the lysosomes for degradation (Henne et al., 2011). The ubiquitination process is quite essential for the commitment of receptors into a given degradation pathway. For example, the epidermal growth factor receptor (EGFR) ubiquitination is an essential step toward its degradation (Raiborg and Stenmark, 2009). Concerning DOP, ubiquitinated receptors are targeted to MVBs but, in opposition to EGFR, neither its ubiquitination nor its targeting to MVBs are necessary steps for the degradation in lysosomes (Tanowitz and Von Zastrow, 2002; Hislop et al., 2009). Admittedly, any proteins involved in the internalization process and the routing of DOP within the endosomal pathway represent potential targets to alter (either positively or negatively) its functions. Therefore, strategies to increase the density of DOP at the cell surface and its analgesic properties may be directed toward these pathways.

Other actors involved in the regulation of DOP trafficking are the noncanonical signaling proteins and the regulatory proteins. First, calmodulin and periplakin are modulators acting as blockers of DOP. Calmodulin, or calcium-modulated protein, is a widely distributed and versatile member of the calcium-binding protein family (Stevens, 1983). At resting state, calmodulin can constitutively associate with DOP (Wang et al., 1999). Once activated, the binding of calmodulin to DOP is abolished, allowing the receptor to couple to G proteins. The signaling protein periplakin, a member of the plakin family which serves as epidermal cytolinkers and components of cell-cell and cell-matrix adhesion complexes (Aho et al., 2004), interacts with DOP, more specifically with its cytoplasmic tail. The interaction was confirmed using a yeast two-hybrid system, and the site was profiled at the level of residues 321–331, according to the analogy with MOP receptors (Feng et al., 2003). As for calmodulin, periplakin seems to block the G protein activation by competing with its interaction site on the DOP (Wang et al., 1999; Feng et al., 2003). It can be argued that any compound able to selectively block the interaction between DOP and these proteins could increase DOP-mediated effects.

RGS4 is yet another regulator of DOP trafficking. RGS4 interacts with the first 26 amino acids of the C-terminal tail of DOP. Coimmunoprecipitation assays between DOP and RGS4 show that agonist stimulation does not alter the interaction, suggesting that they are constitutively associated (Georgoussi et al., 2006; Wang et al., 2009). However, the distribution of RGS4 is shifted from the cytosol to the membrane upon activation of DOP (Leontiadis et al., 2009). Another protein called spinophilin binds to the same C-terminal region and the third intracellular loop (ICL3) of DOP (Feng et al., 2000). Spinophilin is a ubiquitous multidomain-scaffold protein interacting with actin and protein phosphatase-1 (PP1). Along with RGS4, Gα, and Gβγ subunits, spinophilin forms a complex involving specific regions of the protein and the C-terminal tail of MOP and DOP (Fourla et al., 2012). In HEK293 cells, a constitutive interaction between spinophilin and DOP as well as an altered state following agonist administration was also observed (Fourla et al., 2012). Although the exact role of each association is not yet fully described, their modulation has the potential to regulate the activity of DOP and its downstream effectors and possibly it’s trafficking.

As briefly discussed above, the interaction between GRKs and DOP is well established. As shown by coimmunoprecipitation studies, the association of GRKs with DOP increases following treatment with an agonist. More specifically, GRK2 is translocated to the membrane where it can phosphorylate the C-terminal tail DOP upon stimulation (Li et al., 2003; Zhang et al., 2005). The interaction between GRKs and Gβγ at the membrane is an important step for the translocation of GRK2 from the cytoplasm to the cell membrane (Li et al., 2003). The rapid association of GRK2/GRK3 to DOP following the binding of an agonist is also observed in live cells. The colocalization of GRK2 and DOP is detected in endosomes after 15 min of stimulation suggesting that the complex translocates to clathrin-coated vesicles (Schulz et al., 2002). This appears to be specific to GRK2 and DOP since colocalization is neither detected between DOP and GRK6 nor MOP and GRK2. The interaction between DOP and GRK2 requires the presence of Gβγ subunits (Schulz et al., 2002; Li et al., 2003).

Colocalization and direct protein-protein interaction assays revealed that the recruitment of βarr1 and βarr2 to DOP is induced either by receptor activation (Whistler et al., 2001; Zhang et al., 2005; Qiu et al., 2007; Molinari et al., 2010; Audet et al., 2012) or its phosphorylation by protein kinase C (PKC; Xiang et al., 2001). The interaction sites for both arrestins on DOP are located in the ICL3 (Leu235-Ile259) and the C-terminal tail of DOP (Gln331-Ala372; Cen et al., 2001b). These two regions bind to non-overlapping sites on βarr1 (Cen et al., 2001a). Indeed, a DOP mutant lacking the last 15 residues of the C-terminal tail showed only a reduction in the βarr1 association (Cen et al., 2001a). The ability of a mutant DOP lacking all serine and threonine residues of the C-terminal tail to recruit βarr (Qiu et al., 2007) further supports the contribution of distinct regions.

The interaction between βarr2 and DOP can also occur independently of phosphorylation (Zhang et al., 2005; Qiu et al., 2007). Indeed, both wild-type DOP and a mutant receptor containing a substitution of all C-terminal serine and threonine residues remain capable to recruit βarrs. Instead, an increase in the interaction between DOP and βarr2 can be observed (Qiu et al., 2007). βarr2 plays a major role in the desensitization of DOP (Qiu et al., 2007) while both βarr1 and βarr2 similarly contributes to the internalization process. The link between the fate of post-endocytic receptors and βarrs has also been described. DOP lacking phosphorylation sites in its C-terminal tail is preferentially degraded via a βarr2-mediated mechanism. In contrast, a small portion of the wild-type receptor is recycled back to the cell membrane via βarrs (Zhang et al., 2008). As mentioned above, interfering with the recruitment of βarrs represents a strategy to increase the functions of DOP, possibly through the inhibition of its internalization and desensitization.

Among DOP-interacting proteins, GASP-1 and the glycoprotein M6a play a crucial role in its regulation. G protein-coupled receptor-associated sorting protein 1 (GASP-1) is a member of the GASP family of proteins. GASP-1 is the most studied member of the family and the only one interacting with DOP (Simonin et al., 2004). This sorting protein is involved in the delivery of receptors to the multivesicular bodies (MVBs; Whistler et al., 2002b; Marley and von Zastrow, 2010). The GASP machinery retains DOP to the endosomes, therefore preventing its recycling (Whistler et al., 2002a; Marley and von Zastrow, 2010; He et al., 2013). This machinery also participates in the transport of internalized DOP to the lysosomes, a process independent of ubiquitination or MVBs. The second interacting protein, the glycoprotein M6a, has been identified using a yeast two-hybrid approach (Wu et al., 2007). M6a is a member of the proteolipid membrane proteins (PLP) family and is primarily expressed in neurons (Yan et al., 1993, 1996; Roussel et al., 1998). It interacts with MOP, affecting its endocytosis and recycling, as well as with other GPCRs, including DOP (Wu et al., 2007). When co-internalizing with DOP, M6a significantly increases its localization within the recycling endosomes, supporting a role for this protein in the post-endocytic sorting and the recycling of receptors (Liang et al., 2008).

An exhaustive study using yeast two-hybrid screening on different C-terminal tails of GPCRs identified four different proteins thought to be involved in the post-endocytic sorting of GPCRs (Heydorn et al., 2004). Two of them being involved in the recycling pathway, ezrin-radixin-moesin-binding phosphoprotein 50 (EBP50, also called Na+/H+-exchanger regulatory factor-1 or NHERF-1) and N-ethylmaleimide-sensitive factor (NSF); while the other two being involved in targeting receptors to lysosomal degradation, GASP-1 and sorting nexin 1 (SNX1). Although the role of NSF and SNX1 in DOP trafficking is yet to be determined, the role of GASP (discussed above) and NHERF-1 are documented. NHERF-1 is a PDZ domain-containing scaffolding protein that has many functions such as protein complex assembly and sorting of internalized GPCRs (like β2-adrenergic and kappa opioid receptors) to the recycling pathway (Huang et al., 2004; Liu-Chen, 2004; Weinman et al., 2006; Hanyaloglu and von Zastrow, 2008). There is also evidence suggesting that DOP interacts with NHERF-1. Indeed, NHERF-1 and DOP can be co-immunoprecipitated from a brainstem extract, an effect increased in morphine-treated animals (Bie et al., 2010). The upregulation of NHERF-1 in transfected cells increases the sorting of DOP through the exocytotic trafficking, improving its membrane insertion and functional expression (Bie et al., 2010). A better knowledge of the mechanisms regulating the association of these proteins with DOP as well as their exact implication in the trafficking of DOP may help to develop drugs aiming at improving the recycling of DOP while reducing its degradation.

More recently, we used mass spectrometry analysis and identified new DOP-interacting partners in transfected HEK293 cells (St-Louis et al., 2017). Among them, we found many subunits of the coatomer protein complex I (COPI). This complex is involved in the transport of proteins from the Golgi to the ER. The interaction between DOP and COPI might explain why DOP is largely retained intracellularly. Using two different subunits of the COPI complex, β-COP and β’-COP, we confirmed the interaction of DOP with the COPI complex. Within its different intracellular loops and C-terminal tail, DOP has 13 putative COPI binding motifs (KxK, RxR, RxK or KxR). Using mutagenesis, we found that the disruption of two motifs, namely K164-K166 (ICL2) and K250-K252 (ICL3), significantly increased the expression of DOP at the surface compared to the wild-type receptor (St-Louis et al., 2017). Shortly afterward, another study described a role for COPI in the regulation of DOP transport to the plasma membrane in neuronal cells (Shiwarski et al., 2019). A conserved COPI binding motifs (RxR) in the C-terminal tail of DOP is indeed required for the adequate delivery of DOP to the plasma membrane. Another key point in the transport of DOP to the cell surface is through its association with a phosphatase and tensin homolog (PTEN). A study visualizing DOP’s trafficking and localization implicated a PTEN-regulated checkpoint in the retention of DOP in primary neuronal cell culture (Shiwarski et al., 2017). After PTEN inhibition, receptors available at the surface are increased, leading to an increase in DOP-mediated antinociception (Shiwarski et al., 2017).

The last partner to be reviewed here is the cyclin-dependent kinase 5 (Cdk5). Cdk5 is a member of the CDK family but unlike the other CDKs, Cdk5 is not involved in the cell cycle progression. This serine/threonine kinase is rather involved in different processes like neuronal activity, neuron migration and neurite outgrowth. It phosphorylates a consensus sequence [(S/T) PX (K/H/R; Beaudette et al., 1993; Songyang et al., 1996)] when activated by its specific neuronal activator, the cyclin-like p35. Such a consensus sequence is present within the second intracellular loop of DOP (T161PAK164). The threonine (T161) residue was previously shown to be phosphorylated by Cdk5 in neuronal cells (Xie et al., 2009). When Cdk5 is inhibited with the CDK inhibitor roscovitine or when a T161A mutant of DOP is used, the level of cell surface DOP is significantly decreased (Xie et al., 2009). A more recent study also supported a role for Cdk5 in the regulation of DOP trafficking. Using the above mentioned Cdk5 inhibitor or by blocking the phosphorylation of DOP by Cdk5 with a mimetic peptide, a decrease in the antinociceptive and anti-hyperalgesic effects of the selective DOP agonist Deltorphin II is also, supporting a lower density of cell surface DOP (Beaudry et al., 2015). Altogether, these observations support a role for Cdk5 in promoting the expression of functional DOP at the cell surface, possibly by promoting its exit from the ER-Golgi.



CONCLUSION

DOP represents a promising target for the treatment of pain. As discussed in this review article, the expression of DOP is highly regulated by various mechanisms. In addition to reviewing its distribution along the pain pathways, we discussed how the expression and cellular trafficking of this receptor could be regulated. We focused on mechanisms and protein partners potentially involved in its intracellular retention or its trafficking to the cell surface. What emerges from this review article is the complexity surrounding the regulation of DOP trafficking and functions. As to date, one should admit that the mechanisms involved in DOP trafficking, both under normal and pathological conditions, remain poorly described. A better understanding of the distribution of DOP and how different proteins can affect its signaling and trafficking to the cell surface will facilitate the development of better and possibly less harmful pain therapeutics.
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FOOTNOTES

1^https://www.drugabuse.gov/drugs-abuse/opioids/opioid-overdose-crisis

2^https://www.nih.gov/research-training/medical-research-initiatives/heal-initiative/heal-initiative-research-plan
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Receptor family Endogenous Localization  Pain/Stimulus-induced Reference
stimuli (unstimulated)  trafficking
Mu and Delta Opioid Receptors Enkephalins PM PM — Endosomes Sternini et al. (1996), Haberstock-Debic
(MOR, DOR) Dynorphins TGN Direct activation on TGN by et al. (2005) and Stoeber et al. (2018)
morphine
Endocannabinoid Receptors AEA PM PM, Endosomes Rozenfeld and Devi (2008), Lever et al
(CB1. CB2) 2AG (2009) and Flores-Otero et al. (2014)
Metabotropic Glutamate Glutamate PM PM O'Malley et al. (2003) and Vincent et al.
Receptor 5 (MGIURS) ER Direct activation on Nuclear (2016, 2017)
Nucleus inner membrane
Protease-Activated Receptor 2 Trypsin, PM PM — Endosomes DeFea et al. (2000), Ricks and Trejo
(PAR,) Tryptase, TGN PM — Lysosomes (2009) and Jimenez-Vargas et al. (2018)
Elastase,
Cathepsin S
Neurokinin 1 Receptor (NK; R) Substance P PM PM — Endosomes Mantyh et al. (1995a,b) and Jensen
Neurokinin A/B etal. (2017)
Calcitonin Receptor-Like CGRP PM PM — Endosomes Padila et al. (2007) and Yarwood et al.
Receptor: Receptor Amylin (2017)
Activity-Modifying Protein 1
(CLR/RAMP1)
Angiotensin Receptor 1 (AT,R) Angiotensin I PM PM — Endosomes Hein et al. (1997)
5-Hydroxytryptamine Receptor Serotonin PM PM — Endosomes Bhattacharyya et al. (2002) and

(5-HT24)

Freeman et al. (2006)

PM, plasma membrane; ER, endoplasmic reticulum, TGN, trans-Golgi Network; — denotes direction of receptor trafficking, from unstimulated receptor location to stimulated

receptor location.
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RGS family

Rz

R12

Domains present

Cysteine-string

N-terminal amphipathic sequence

GGL-(GBS5) DEP-(ROAP, R7BP)

Goloco-(Ga-GDP) RBD-(rap) PDZ

Name

RGS17 (RGSZ2)
RGS19 (GAIP)
RGS20 (RGSZ1)
RGST

RGS2

RGS3

RGS4

RGS5

RGS8

RGS13

RGS16

RGS18

RGS21

RGS6

RGS7

RGS9

RGS11

RGS10

RGS12

RGS14

G-protein specificity

Gi, Gz, Gg
Gi, Gz, Gg
Gi, Gz
Gi, Gg
Gi < Gq
Gi, Gg
Gi, Gg
Gi, Gg
Gi, Gg
N/A
Gi, Gg
Gi, Gg
Gi, Gg
Go
Go > Gi2 > Git
Go

CNS expression

Isocortex, OLF, HPF, CTXsp, PAL, TH, HY, MB, P, MY
Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, MB, P, MY, CB
Isocortex, CTXsp, STR, PAL

N/A

CTXsp, STR, PAL

TH, CB

Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
N/A

TH

N/A

N/A

HPF, CTX (Ahlers et al., 2016)

Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
Isocortex, OLF, CTXsp, STR, PAL, HY

Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY
Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
Isocortex, OLF, HPF, CTXsp, STR, PAL, TH, HY, MB, P, MY, CB
Isocortex, OLF, HPF, CTXsp, STR

List of RGS families and their respective domains, G-protein specificities, and expression in the mouse central nervous system. Isocortex, isocortex; OLF, olfactory; HPF,
hippocampal formation; CTXsp, cortical subplate; STR, striatum; PAL, pallidum; TH, thalamus; HY, hypothalamus; MB, midbrain;, B pons; MY, medulla; CB, cerebellum.
N/A = data not available. Taken from the Allen Brain Atlas (https.//mouse.brain-map.org), except where stated.
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t1 /2 (min) (95% CI)?

DMSO 4.75 (2.89-13.4)
+1 uM indomethacin 4.67 (3.17-8.80)

@Data were best fitted using a one-phase dissociation model. N = 5.
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ECs5o (nM) (95% CI)

Emax (%) = SEM

CP55940 +1 uM Indomethacin CP55940 +1 uM Indomethacin
HEK hCB1R?
ERK 340 (240-480) 170 (100-270) 100 £ 5.6 110+ 4.0
PLCB3 350 (230-520) 180 (120-280) 100 £ 5.7 120 £ 5.0*
Barrestini 240 (88-570) 170 (75-730) 100 £ 12 110+ 10
cAMP 160 (83-290) 150 (65-300) 0.0+79 —88 + 14*
HEK hCB2RP
ERK 390 (210-660) 440 (230-800) 100 £9.2 109 + 11
PLCB3 500 (270-870) 450 (250-770) 100 £+ 10 103 £+ 9.1
Barrestini 490 (310-760) 470 (290-750) 100 £8.3 111 +£86
cAMP 350 (190-600) 590 (360-960) 0.0+6.1 —26 £ 85

CHO hCB1R®
ECsp (nM) (95% CI) Emax (%) £ SEM

CP55940 100 nM CP55940 + Indomethacin CP55940 100 nM CP55940 + Indomethacin
cAMP 140 (71-285) 10 (0.61-160) 0.0+ 18 22 + 11
Barrestin2 620 (240-1, 600) 570 (380-850) 100 + 11 110£4.0

ECso (nM) (95% CI) Emax (%) £ SEM

AEA 100 nM AEA + Indomethacin AEA 100 nM AEA + Indomethacin
cAMP 2,900 (260-3, 300) 1.9 (0.06-6.1) 5.9+ 39 23+568
Barrestin2 >10,000 >10,000 16+ 2.1 18+1.4

aData are from Figures 3A,C,E,G. ? Data are from Figures 3H-K. °Data are from Figure 4. *P < 0.01 compared to CP55940 as determined by one-way ANOVA followed

by Tukey’ post hoc analysis. N = 4 (HEK hCB1R and HEK hCB2R), N = 5 (CHO hCB1R cAMP), N = 6 (CHO hCB1R parrestin2).
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Chronic pain model T cell depletion model Sex Pain sensitivity vs. controls References

cel Nude (rats) M Redluced Moalem et al. (2004)
cel Rag1~/- M Reduced Kleinschnitz et al. (2006)
SNT Nude and Ca4~/- M Reduced Cao and DeLeo (2008)
SNI Rag1-/- M Reduced Costigan et al. (2009)
cel sCID M Identical Labuz etal. (2010)
PSNL Anti-CD4 M Reduced Kobayashi et al. (2015)
SNI Noinfo Reduced Vicuria et al. (2015)

SNI F Identical Rosen et al. (2017)
mSNI M Redluced Du etal. (2018)
Paciitaxel M Prolonged Krukowski et al. (2016)
Cisplatin M+F Prolonged Laumet et al. (2019)
CFA + OVA Noinfo Prolonged Boué et al. (2012)

CFA M Identical Ghaserlou et al. (2015)
CFA Identical Sorge etal. (2015)

CFA M Prolonged Basso et al. (2016)

CFA F Identical Rosen et al. (2017)

CFA M+F Identical Petrovic et al. (2019)
CFA M Prolonged Laumet et al. (2016)
DSS visceral pain Noinfo increased Boué et al. (2014)
Formalin M+F Identical Petrovic et al. (2019)
Formalin M+F increased Rosen et al. (2019)
Morphine analgesia Rag1~/-, Cd4~/~ and Nude M+F Reduced Rosen et al. (2019)
Plantar incision Terb~/= M Identical Ghaserlou et al. (2015)
Plantar incision Terd-/= M+F Identical Petrovic et al. (2019)

CCl, chronic constriction injury; CFA, complete Freund's adfuvant; DSS, dextran sulfate socium; mSN), mocified SNI; OVA, ovalbumin immunization; PSNL, partial sciatic nerve figation;
SNI, spared nerve injury; SNT, spinal nerve transection; M, male; F, ferale.
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Receptor(s) Ligand(s) Force field Simulation technique Aggregate simulation References
length

MOP TRV-130, Morphine, CHARMMB36, CGenFF Unbiased MD 53.25 pus Schneider et al., 2016
Ligand-free

MOP TRV-130, Morphine CHARMMS36, CGenFF Adaptive sampling MD 460 ps Kapoor et al., 2017

MOP TRV-130, BU72, Naltrexone, CHARMM36, CGenFF Unbiased MD 1.5 s Cheng et al., 2018
B-FNA, Ligand-free

MOP BMS-986122, (R)-Methadone, AMBERO3, Stockholm, GAFF Unbiased MD 5.2 us Bartuzi et al., 2019
Buprenorphine, Ligand-free

MOP, KOP Morphine, Levallorphan, JDTic, CHARMMS36, CGenFF Unbiased MD 12.5us Yuan et al., 2015
Ligand-free

KOP 5'-GNTI, 6’-GNTI, Ligand-free CHARMMB36, CGenFF Unbiased MD 1.9 ps Cheng et al., 2016

KOP MP1104, JDTic, Ligand-free AMBER ff14SB, LIPID11, GAFF Gaussian accelerated 12 us Anetal., 2018

MD

NOP Cebranopadol, C24, AMBER ff99SB Unbiased MD 3 us Della Longa and
Ligand-free Arcovito, 2019

DOP BMS-986187, SNC-80 CHARMMS36, CGenFF Metadynamics 3.6 us Shang et al., 2016

CB1 THC, THCV, Taranabant, CHARMMS36, CGenFF Unbiased MD 8 us Jung et al., 2018
Ligand-free

CB1 CP 55,940, GAT228 CHARMMB36, CGenFF MetaDynamics - Saleh et al., 2018

Oox2 Suvorexant AMBER ff98SB, GAFF, Lipid 14 Unbiased MD 400 ns Baietal., 2018

OXx2 Suvorexant, Nag26, Orexin-A, AMBER 99sb-ildn, Slipids, Unbiased MD 36 pns Karhu et al., 2019
Ligand-free GAFF, OPSL-AA

D3R PF-4363467 CHARMMB36, GAAMP Adaptive sampling MD 680 ps Ferruz et al., 2018

D2R, D3R SB269652 CHARMMB36, GAAMP Adaptive sampling MD 76.5 nus Verma et al., 2018

D3R LS-3-134, 4 derivatives AMBER ff14SB, GAFF Unbiased MD 4.5 s Hayatshahi et al., 2018

mGIuR1 FITM CHARMM27, CGenFF Unbiased MD, Adaptive 150 ns, 360 ns Bai and Yao, 2016

biasing force
mGIuR5 Mavoglurant, Dipraglurant, AMBER ff14SB, Lipid14, GAFF Unbiased MD 800 ns Fuetal., 2018

Basimglurant, STX107, MPEP,
Fenobam, 51D, 51E
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