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Role of Spinal Cord α2-Adrenoreceptors in Noradrenergic Inhibition of Nociceptive Transmission During Chemotherapy-Induced Peripheral Neuropathy
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Chemotherapy-induced peripheral neuropathy (CIPN) is a problem during cancer treatment and for cancer survivors but the central mechanisms underlying CIPN remain understudied. This study aims to determine if CIPN is associated with alterations of noradrenergic modulation of nociceptive transmission at the spinal cord. CIPN was induced in male Wistar rats by paclitaxel injections. One month after CIPN induction, the behavioral effects of the administration of reboxetine (noradrenaline reuptake inhibitor), clonidine (agonist of α2-adrenoreceptors; α2–AR) and atipamezole (antagonist of α2–AR) were evaluated using the von Frey and cold plate tests. Furthermore, we measured the expression of the noradrenaline biosynthetic enzyme dopamine-β-hydroxylase (DBH) and of α2–AR in the spinal dorsal horn. Reboxetine and clonidine reversed the behavioral signs of CIPN whereas the opposite occurred with atipamezole. In the 3 pharmacological approaches, a higher effect was detected in mechanical allodynia, the pain modality which is under descending noradrenergic control. DBH expression was increased at the spinal dorsal horn of paclitaxel-injected animals. The enhanced noradrenergic inhibition during CIPN may represent an adaptation of the descending noradrenergic pain control system to the increased arrival of peripheral nociceptive input. A potentiation of the α2–AR mediated antinociception at the spinal cord may represent a therapeutic opportunity to face CIPN.
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INTRODUCTION

Chemotherapy is the most common approach for cancer treatment but it frequently induces neuropathy. This chemotherapy-induced peripheral neuropathy (CIPN) is a clinical problem that may impose changes in cancer treatment and can persist after cessation of chemotherapy (Mantyh, 2006; Seretny et al., 2014). CIPN is characterized by multiple sensory features which include changes in pain responses, such as spontaneous pain, allodynia and hyperalgesia.

The neurotoxic mechanisms underlying CIPN depend on the cytostatic drug (Kerckhove et al., 2017). Paclitaxel, one of the most effective cytostatic drug, has been shown to cause CIPN in humans and in animal models (Polomano et al., 2001; Cavaletti and Marmiroli, 2010). Increases in nociceptive behavioral responses in paclitaxel-induced CIPN models were ascribed to peripheral fiber loss, mitochondrial swelling and vacuolization of peripheral axons and hyperexcitability of dorsal root ganglion neurons (Cliffer et al., 1998; Flatters and Bennett, 2006; Boehmerle et al., 2014; Yadav et al., 2015). The central changes during paclitaxel-induced CIPN remain understudied but since paclitaxel has a very low ability to cross the blood-brain barrier (Cavaletti and Marmiroli, 2010), it is likely that the central changes during paclitaxel-induced CIPN are caused by the neurotoxic effects triggered by the cytostatic at the periphery. At the spinal cord, paclitaxel-injected animals show increased spontaneous activity of wide-dynamic range neurons (Cata et al., 2006) and reduced local GABAergic tonic inhibition (Yadav et al., 2015). At the supraspinal level, the periaqueductal gray matter (PAG), a key area of the descending pain modulatory system, shows increases in spontaneous and evoked neuronal firing (Samineni et al., 2017). Furthermore, in a recent exploratory study using diffusion weighted magnetic resonance, alterations in the activity of the PAG were reported (Ferris et al., 2019). Using an animal model of paclitaxel-induced CIPN, we recently reported increases in the activity of serotoninergic neurons of the rostroventromedial medulla (RVM), an area that relays descending modulation from the PAG to the spinal cord (Costa-Pereira et al., 2019).

CIPN is empirically treated with antidepressant drugs which increase noradrenaline (NA) and serotonin (5-HT) levels (Sisignano et al., 2014), but the relative contribution of each neurochemical system is starting to be unraveled. Using the paclitaxel-induced CIPN model, we have recently described an involvement of 5-HT with an enhanced facilitatory effect of 5-HT3 receptors at the spinal cord (Costa-Pereira et al., 2019). Nothing is known about descending noradrenergic modulation in the paclitaxel-induced CIPN model. This is important since descending pain modulation has some distinct features between different preclinical models (Porreca et al., 2002; Ossipov et al., 2014). Furthermore descending modulatory systems are crucial to balance between inhibition (antinociception) and facilitation (pro-nociception) (Tracey and Mantyh, 2007; Heinricher et al., 2009). An imbalance of descending modulation toward facilitation was proposed to account for chronic pain installation. It is well established that NA release at the spinal dorsal horn is mainly originated from the pontine locus coeruleus (LC) (Pertovaara, 2006; Heinricher et al., 2009) and leads to analgesia by activating spinal α2A-adrenoreceptors (α2A-AR) which block the nociceptive transmission at the spinal dorsal horn, both pre and postsynaptically (Kawasaki et al., 2003; Pertovaara, 2013). Intrathecal administration of α2-AR agonists induces antinociception in humans and animal models whereas the opposite occurs with α2-AR antagonists (Eisenach et al., 1996; Budai et al., 1998). However, NA may trigger pain facilitation after brain release (Bie et al., 2003; Ortiz et al., 2008; Martins et al., 2015). Further adding complexity to the studies of noradrenergic pain modulation, an effect of the pain model was reported. In traumatic neuropathic pain models, noradrenergic upregulation occurs with increased spinal NA levels and enhanced potency of α2-AR (Ma and Eisenach, 2003; Bantel et al., 2005) but with the progression of traumatic neuropathy, a gradual loss of descending noradrenergic inhibition occurs (Hughes et al., 2013, 2015). In diabetic neuropathy the descending noradrenergic inhibition is impaired and NA exerts pain facilitation at the spinal level (Kinoshita et al., 2013). These results show that the specificities of each preclinical pain model should be considered in the studies of descending noradrenergic pain control.

To evaluate if descending noradrenergic modulation of spinal nociceptive transmission is altered during paclitaxel-induced CIPN, we used a validated model of paclitaxel-induced CIPN to study the noradrenergic modulation of nociceptive transmission at the spinal cord. We first evaluated the nociceptive behavioral effects of the administration of reboxetine (noradrenaline reuptake inhibitor), clonidine (agonist of α2-adrenoreceptors; α2–AR) and atipamezole (antagonist of α2–AR). Then we evaluated the immunohistochemical expression of the noradrenaline synthetizing enzyme, dopamine-β-hydroxylase (DBH), at the spinal dorsal horn. We analyzed the expression of α2–AR at the spinal dorsal horn, using immunohistochemistry and western blot approaches.



MATERIALS AND METHODS


Animals

Wistar male rats (weighing 175–190 g; Charles River, France) were housed in a 12/12 h light/dark environment at 22 ± 2°C and received food and water ad libitum. All behavioral experiments were conducted in the light phase. The animals were acclimated to the housing facility for a least 1 week before the onset of experiments. The animals were randomly housed in pairs and selected from the cage before each procedure.

The experiments were approved by the Animal Ethical Committee of the Faculty of Medicine of University of Porto and Directorate-General of Food and Veterinary Medicine–Portuguese National Authority for Animal Health (license 0421/000/000/2018) and performed in accordance with the European Community Council Directive (2010/63/EU) and the ethical guidelines of the International Association for the Study of Pain (IASP) in conscious animals (Zimmermann, 1983).



Induction of the CIPN Model

The CIPN model was induced as described previously (Polomano et al., 2001). Briefly, paclitaxel (Taxol®) (2.0 mg Kg–1 – cumulative dose of 8.0 mg Kg–1) (Tocris, United Kingdom) was dissolved in a solution of 4% Dimethyl Sulfoxide (DMSO). Rats weighing 190-200 g received an intraperitoneal (i.p.) injection of the paclitaxel solution in 4 alternate days (day 1, 3, 5, and 7). The injections were performed between 9 a.m. and 11 a.m. Control animals were injected with 4% DMSO. The DMSO concentration was elected based on previous studies showing that it is the minimal concentration of DMSO required to resuspend paclitaxel and it does not induce any toxic effects (Worthley and Schott, 1969; Chen et al., 2011; Braz et al., 2015).



Drug Delivery and Behavioral Evaluation

Three weeks after CIPN induction, all rats weighing 290–300 g underwent surgical implantation of sterile silicone catheter (0.31 × 0.64 × 0.17 mm; Freudenberg, Germany). Briefly, the animals were deeply anesthetized with medetomidine (0.25 mg Kg–1) and ketamine hydrochloride (60 mg Kg–1) and the catheter was inserted in the subarachnoid space in caudal direction until the tip reached the L4/L5 spinal cord segment. After surgery, the rats were single-housed to avoid interfering with cagemate’s catheter. The correct placement of the intrathecal catheter was confirmed after dissection. The few animals presenting severe signs of locomotor impairment after surgery were excluded from the study. The animals were then used in pharmacological experiments to test the behavioral nociceptive effects of reboxetine (NA reuptake inhibitor), atipamezole (α2A–AR blockade) and clonidine (α2A–AR agonist). All experiments were performed 30 days after the first paclitaxel injection.


Reboxetine Experiments

To study the effects of NA reuptake inhibition on nociceptive behaviors, we injected the selective reuptake inhibitor, reboxetine mesylate (10 mg Kg–1) (Tocris Bioscience, United Kingdom) (DMSO: n = 5; paclitaxel: n = 5) using the i.p. route. Reboxetine was dissolved in saline and the control groups were injected with saline (DMSO: n = 5; paclitaxel: n = 5). Previous study showed reboxetine did not affect motor performance (Lapmanee et al., 2013).

The effects of reboxetine on mechanical allodynia were evaluated before (T0) and at 30, 60, 120, and 240 min after injection. To evaluate mechanical nociceptive responses, we used the von Frey test as described previously in the CIPN model (Costa-Pereira et al., 2019). Briefly, the test was performed after 20 min acclimatization to equipment, according to the “up and down” method (Chaplan et al., 1994), which consists on the application of monofilaments between 0.4 and 26.0 g (Stoelting, United States) starting with the 2.0 g monofilament. Each animal was tested twice at an interval of 3–5 min, each value obtained was logarithmic transformed and averaged.

The effects of reboxetine on cold hyperalgesia were assessed at 30 min, the time that has been previously shown to be of maximum reboxetine (Hughes et al., 2015), which was further confirmed by the present results using the von Frey test. Cold responses were studied as described previously (Costa-Pereira et al., 2019) using the cold plate test. After a training period of 3 days for habituation purposes in the device, the animals were placed on the plate at 0°C and the withdrawal latency was recorded. The cut-off period of 60 s was applied to avoid any tissue damage.



Atipamezole Experiments

To evaluate the effects of the blockade of spinal α2A–AR on nociceptive behaviors, we administered the α2A–AR antagonist atipamezole (Tocris Bioscience, United Kingdom) at 5 μg (DMSO: n = 5; paclitaxel: n = 4). Atipamezole was administered using the intrathecal route and was dissolved in 0.9% saline solution. Based on previous study (Dimitrov et al., 2013), we assessed the effects of atipamezole on mechanical and cold hypersensitivity 30 min after antagonist injection. Atipamezole did not induce any sedative effects (Pertovaara et al., 1994).



Clonidine Experiments

To assess the effects of the activation of spinal α2A–AR on nociceptive behaviors, we intrathecally administered the agonist clonidine (Sigma-Aldrich, United States) at 3 doses: 0.1 μg (DMSO: n = 6; paclitaxel n = 7), 1 μg (DMSO: n = 7; paclitaxel n = 7) or 10 μg (DMSO: n = 8; paclitaxel n = 6). Clonidine was dissolved in 0.9% saline solution and the respective control groups were injected with saline (DMSO: n = 7; paclitaxel n = 6). Mechanical and thermal hypersensitivity were evaluated before and 30 min after clonidine injection, which has previously been shown to be the time of the maximal drug effect (Yaksh et al., 1995). In order to evaluate possible sedative effects of the higher clonidine dose (10 μg), 2 additional animals were tested in the rotarod as described previously (Vanderah et al., 2001). Briefly, the test was performed using DMSO-injected animals after training once a day for three consecutive days. Training consisted on placing the rats on a rotating rod (Ugo Basile, Varese, Italy) with the rate of rotation set at 10 rpm, until they fell off or until reaching a cutoff time set at 180 s. The evaluated animals remained on the rod for 180 s which indicates that the animals did not have motor impairments after clonidine injection.



Immunohistochemistry

Thirty days after the first paclitaxel injection, the rats were deeply anesthetized with an overdose of an i.p. injection of sodium pentobarbital (65 mg Kg–1) and perfused with 100 ml of calcium free Tyrode’s solution, followed by 750 ml of 4% paraformaldehyde in 0.1M phosphate buffer. The lumbar spinal cord segments were removed, immersed in a fixative for 4 h and cryopreserved in a 30% sucrose solution. The segments were then sliced at 30 μm in a freezing microtome and used for the DBH and α2A-AR immunoreactions described below. The L4 and L5 sections were used for immunodetection of DBH (DMSO: n = 6; paclitaxel: n = 5) and α2A- AR (DMSO: n = 5; paclitaxel: n = 5).


Dopamine-β-Hydroxylase (DBH) Immunoreaction

For the DBH-immunoreaction, one in every fourth spinal L4 and L5 sections were incubated with a monoclonal anti-DBH primary antibody (Millipore Catalogue No. MAB308) diluted at 1:5000, followed by a horse biotinylated anti-mouse secondary antibody (Dako, Denmark; 1:200). After several washes, the sections were incubated in PBS-T containing the avidin-biotin complex (1:200; ABC, Vector, United States). The bound peroxidase was revealed using 0.0125% 3,3′- diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich, United States). The immunodetection of DBH-immunoreactive fibers was assessed as described above.

The DBH labeled sections were observed using a light microscope (Axioskop 40 model, Zeiss®, Switzerland) coupled to a high-resolution digital camera (Leica EC3 model) and the LAS 4.6.0. software (Leica Microsystems®) and maintaining the same exposure and light settings. The quantification of DBH labeling of 3 randomly taken L4 and L5 spinal sections was performed on the ImageJ® software (U. S. National Institutes of Health, United States) based on a method previously described (Hughes et al., 2013; Costa-Pereira et al., 2019). Briefly, the mean level of background was determined for each section and lamina using ROI analysis of small areas without DBH immunoreaction. The threshold level for DBH positive pixels was adjusted at a value of 5 standard deviations above the mean background level. The mean percentage of DBH positive pixels in laminae I-II, lamina III, IV, and V was then calculated.

The total DBH fibers length in each lamina of spinal dorsal horn were also calculated using a semi quantitative skeleton analysis adapted from Willing et al. (2017). Briefly, after an adjustment of the threshold level as abovementioned, the images were converted to binary images, skeletonized using the skeleton macro from ImageJ and evaluated in terms of number of pixels occupied by skeletons. The number of pixels were then converted to millimeter scale.



α2A-AR Immunoreaction

For the α2A-AR immunoreaction, one in every fourth spinal sections was incubated with a rabbit-raised anti-α2A primary antibody (Neuromics; Cat. No. RA14110), diluted at 1:500, followed by incubation for 1 h with a donkey anti-rabbit Alexa 488 (Molecular Probes®; 1:1000). Photomicrographs were taken under the same time exposure, capture parameters and laser light wavelength (488 nm) on an ApoTome Slider (Zeiss®) fluorescence microscope coupled to the AxioVision Rel. 4.8. software (Zeiss®). The images were analyzed in order to calculate the percentage of pixels occupied by α2A-AR immunoreactivity, size and number of α2A-AR positive neurons in the spinal dorsal horn of 5 randomly taken sections using the ROI manager. The mean percentage of α2A-AR positive pixels in laminae I-II was automatically calculated by the ImageJ software. The size and number of α2A-AR positive neurons were also automatically quantified using the “Analyze Particles” function of ImageJ software.



Western- Blot Analysis of α2A AR

The dorsal portion of the L4 and L5 segments from DMSO (n = 5) and paclitaxel-injected animals (n = 5) were homogenized with lysis buffer (TBS-T: 20 mM Tris HCl pH 7.4; 150 mM NaCl; 0.1% Triton X-100) containing phosphatase inhibitors and protease inhibitor. A total of 20 μg of protein was loaded and electrophoresed on 12% SDS-PAGE. The proteins were then electroblotted onto nitrocellulose membranes. After incubation with 5% of Blotting-Grade Blocker (Bio-Rad, United States), the membrane was incubated with rabbit anti-α2A-ARs (Neuromics; Cat. No. RA14110) diluted at 1:1000, followed by an anti-rabbit secondary antibody conjugated to horseradish peroxidase (HRP) (1:10000; Jackson Immunoresearch Europe, United Kingdom). The immunoreactive bands were detected by Chemidoc system (Bio-Rad, United States). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading protein internal control, with the membranes being incubated with mouse anti-GAPDH (1:10000; Abcam, United Kingdom) followed by incubation in anti-mouse secondary antibody conjugated to HRP (1:10000; Jackson Immunoresearch Europe, United Kingdom). Semi-quantification of bands was performed using Image Lab software (Bio-Rad, United States) and expressed in arbitrary units. The results of the quantification of α2A-AR expression were presented as normalized for GAPDH.



Specificity of Primary Antibodies

The specificity of the primary anti-DBH antibody was previously demonstrated (Howorth et al., 2009). We tested the specificity of alpha2AR using Western blot of liver samples since the liver tissue does not express mRNA for the receptor (Handy et al., 1993). No band was detected in the blot.



Statistical Analysis

The behavioral results obtained in the Von Frey and cold plate tests were analyzed by two-way repeated measures of ANOVA followed by Tukey’s post hoc for multiple comparisons. The analysis of the percentage of change obtained in the von Frey and cold plate tests were conducted by ordinary two-way ANOVA followed by Tukey’s post hoc for multiple comparisons. DBH and α2A-ARs expression in DMSO- and paclitaxel-injected animals were compared by unpaired t-test. Statistical analysis was performed by GraphPad Prism (GraphPad Software, United States). Data are presented as mean ± SD. P < 0.05 was considered statistically significant values.



RESULTS

In order to evaluate if increasing NA levels or interfering with the function of α2–AR differentially affect nociceptive behavioral responses of control and paclitaxel- injected animals, we administered reboxetine, atipamezole or clonidine.


Antinociceptive Effects of Reboxetine

In order to evaluate the behavioral nociceptive effects of an increase of NA levels, we injected the selective NA reuptake inhibitor reboxetine 30 days after the first paclitaxel administration. The results of paclitaxel administration in mechanical and cold sensitivities are shown in Figure 1. The analysis of the effects of reboxetine in the von Frey test (Figures 1A–C), showed that in DMSO-injected animals (Figure 1A) there was a significant interaction between treatments (saline vs. reboxetine) and time [F(4,32) = 17.60, p < 0.0001]. Reboxetine significantly increased paw withdrawal thresholds at 30 min after injection compared to saline (p = 0.0091) and before the injection (T0; p = 0.0064). The paw withdrawal thresholds returned to the baseline values 60 min after injection of reboxetine. The analysis of the effects of reboxetine in paclitaxel-injected animals (Figure 1B) revealed a significant interaction between treatment and time [F(4,32) = 62.73, p < 0.0001]. Reboxetine significantly increased paw withdrawal thresholds at 30 and 60 min after injection compared with saline and with T0 (p < 0.001). Paw withdrawal thresholds returned to the baseline values 120 min after injection of reboxetine. The injection of saline did not affect the behavioral responses of DMSO- and paclitaxel-injected animals (Figures 1A,B). Overall, the analysis of the variation from baseline, 30 min after injection of reboxetine or saline, revealed a significant interaction between treatments and experimental groups (DMSO vs. paclitaxel) [F(1,16) = 27.53; p < 0.0001; Figure 1C]. The increase of withdrawal thresholds was higher after reboxetine than after saline injection both in the DMSO- (p = 0.0116) and paclitaxel-group (p < 0.0001). The injection of reboxetine induced significantly higher percentages of change in the paclitaxel-group (178.75 ± 19.50%) than in DMSO-group (124.62 ± 5.23%; p < 0.0001).
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FIGURE 1. Nociceptive behavioral effects of the administration of reboxetine (30 days after the first paclitaxel injection). (A,B) Show a time-course analysis of paw withdrawal thresholds in the von Frey test of DMSO- and paclitaxel-injected rats, respectively, after saline or reboxetine administration. (D,E) Show the paw withdrawal latency in the cold plate test at baseline (T0) and 30 min (T30) after saline or reboxetine administration. Data are presented as mean ± SD. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001 vs. saline; #p < 0.05; ##p < 0.01; ####p < 0.001 vs. baseline (T0). Graphs (C,F) show the percentage of change from baseline of paw withdrawal thresholds and latencies after saline or reboxetine injection in the von Frey (C) and cold plate (F) tests. Data are presented as mean ± SD (saline: DMSO and paclitaxel n = 5; reboxetine at 10 mg/kg: DMSO and paclitaxel n = 5). ∗p < 0.05; ****p < 0.0001 vs. saline; ####p < 0.001 vs. DMSO.


The analysis of the effects of reboxetine in the cold plate test is shown in Figures 1D–F. In DMSO-injected animals (Figure 1D), reboxetine induced a significant interaction between treatments and time [F(1,8) = 23.12, p = 0.0013]. Reboxetine significantly increased paw withdrawal latency compared to saline injection (p = 0.0002) and T0 (p = 0.0012). The analysis of the effects of reboxetine in paclitaxel-injected animals (Figure 1E) revealed a significant interaction between treatments and time [F(1,8) = 5.466, p = 0.0476]. Reboxetine significantly increased the paw withdrawal latency compared to T0 (p = 0.0127). No statistically significant alterations in paw withdraw latency were induced after saline injection in DMSO- and paclitaxel-injected animals (Figures 1D,E). The overall analysis of the variation (Figure 1F) only revealed an effect of treatment [F(1,16) = 18.60, p = 0.0005] but no effects of the group [F(1,16) = 1.404, p = 0.2533] or interaction [F(1,16) = 0.017, p = 0.8969] which indicates that reboxetine increased significantly withdrawal latencies in both experimental groups compared with saline but without significant differences between the group (DMSO: 183.92 ± 28.77%; paclitaxel: 209.09 ± 37.09%).



Pronociceptive Effects of Atipamezole

Since reboxetine administration had an effect at behavioral responses, we then evaluated if blocking α2A-AR at the spinal cord by intrathecal administration of atipamezole, an α2A-AR antagonist, also affected nociceptive behavioral responses. The behavioral effects of intrathecal are shown in Figure 2. Overall, the analysis of the effects of atipamezole in the von Frey test (Figure 2A) showed a significant interaction between groups (DMSO vs. paclitaxel) and time [F(1,7) = 57.37, p = 0.0001]. In comparison with the respective values at T0, the administration of atipamezole decreased paw withdrawal thresholds in the DMSO (p = 0.0087) and paclitaxel group (p < 0.0001). After atipamezole injection, the paw withdrawal thresholds of paclitaxel-injected animals were significantly lower than DMSO-treated animals (p < 0.0001). At baseline, the experimental groups were statistically different (p < 0.0001).
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FIGURE 2. Nociceptive behavioral effects after the administration of atipamezole (30 days after the first paclitaxel injection). (A) Shows paw withdrawal threshold in the von Frey test at baseline (T0) and 30 min (T30) after atipamezole administration. (B) Shows paw withdrawal latency in the cold plate test at T0 and T30 after atipamezole administration. Data are presented as mean ± SD (DMSO n = 5; paclitaxel n = 4). ∗∗p < 0.01; ****p < 0.0001 vs. baseline (T0); ####p < 0.0001 vs. DMSO.


The analysis of the effects of atipamezole in the cold plate test (Figure 2B) showed a significant interaction between groups and time [F(1,7) = 8.048, p = 0.0252]. Compared to baseline, atipamezole significantly decreased paw withdrawal latencies in the DMSO (p < 0.0001) and paclitaxel groups (p = 0.0051). In the DMSO group, atipamezole decreased withdrawal latencies to values similar to those of the paclitaxel group at T0 (p = 0.1105; Figure 2B). Paw withdrawal latencies in the paclitaxel group were significantly lower than in the DMSO group after atipamezole injection (p < 0.0001). At T0, the DMSO- and paclitaxel groups were statistically different (p < 0.0001).



Antinociceptive Effects of Clonidine

Based on the results obtained with reboxetine and atipamezole, we then evaluated if activating α2A-AR at the spinal cord by intrathecal administration of 3 doses of clonidine, an α2A-AR agonist, also affected nociceptive behavior. The results of the study of the effects of 3 clonidine doses (0.1, 1, and 10 μg) are shown in Figure 3. In the von Frey test, the analysis of the effects of clonidine in DMSO-injected animals (Figure 3A) revealed a significant interaction between treatments and time [F(3,24) = 7.589, p = 0.0010]. The lower dose of clonidine (0.1 μg) produced no effects compared to T0 and saline. The higher doses of clonidine significantly increased paw withdrawal thresholds compared to T0 (1 μg: p = 0.003; 10 μg: p = 0.001), saline (1 μg: p = 0.0003; 10 μg: p < 0.0001), and clonidine at 0.1 μg (1 μg: p = 0.0077; 10 μg: p = 0.0015). No differences were detected between clonidine at 1 and 10 μg. Saline injection produced no significant effects and no differences were detected between the animals at baseline. The effects of clonidine in paclitaxel-injected animals in the von Frey test (Figure 3B) revealed a significant interaction between treatment and time [F(3,22) = 16.63, p < 0.0001]. The 3 doses of clonidine significantly increased paw withdrawal thresholds compared to baseline (0.1 μg: p = 0.0030; 1 μg: p < 0.0001; 10 μg: p < 0.0001) and saline (0.1 μg: p = 0.0020; 1 μg: p = 0.0001; 10 μg: p < 0.0001). Clonidine at 10 μg, showed higher withdrawal thresholds compared to clonidine at 0.1 μg (p = 0.0257; Figure 3B). No differences were detected between clonidine 0.1 and 1 μg neither between clonidine 1 and 10 μg. At T0, the paw withdrawal thresholds were not significantly different between the different conditions (saline and 3 doses of clonidine). The analysis of the variation from baseline (Figure 3C) showed an effect of experimental group [F(1,35) = 43.29; p < 0.0001] and treatment [F(2,35) = 10.13; p = 0.0003] but no interaction [F(2,35) = 0.613; p = 0.5473]. The 3 doses of clonidine significantly increased withdrawal thresholds in the paclitaxel group compared with DMSO group. Overall, the effects of the lower dose (0.1 μg) were significantly lower than the intermediate (1 μg; p = 0.0042) and the higher dose (10 μg; p = 0.0030). No statistically significant differences were detected between the doses of 1 and 10 μg.


[image: image]

FIGURE 3. Nociceptive behavioral effects of the administration of clonidine (30 days after the first paclitaxel injection). (A,B) Show paw withdrawal thresholds in the von Frey test at baseline (T0) and 30 min (T30) after saline or clonidine administration. (D,E) Show paw withdrawal latencies in the cold plate test at T0 and T30 after saline or clonidine administration. (C,F) Show the percentage of change from baseline of paw withdrawal thresholds and latencies, in the von Frey (C) and cold plate (D) tests. Data are presented as mean ± SD (saline: DMSO n = 7; paclitaxel n = 6; clonidine at 0.1 μg: DMSO n = 6; paclitaxel n = 7; clonidine at 1 μg: DMSO n = 7; paclitaxel n = 7; clonidine at 10 μg: DMSO n = 8; paclitaxel n = 6). ∗∗p < 0.01; ∗∗∗p < 0.001; ****p < 0.0001 vs. baseline (T0); ##p < 0.01; ###p < 0.001; ####p < 0.0001 vs. saline. +p < 0.05; ++p < 0.01; ++++p < 0.0001 vs. clonidine 0.1 μg.


In the cold plate test, the effects of clonidine in DMSO-injected animals (Figure 3D) showed a significant interaction between treatment and time [F(3,24) = 24.19, p < 0.0001]. The lower dose of clonidine (0.1 μg) produced no effects compared to T0 and saline. The higher doses of clonidine significantly increased paw withdrawal latency compared to T0 (1 μg: p = 0.0009; 10 μg: p < 0.0001), to saline (1 μg: p < 0.0001; 10 μg: p < 0.0001) and to clonidine at 0.1 μg (1 μg: p < 0.0001; 10 μg: p < 0.0001). No differences were detected between clonidine at 1 and 10 μg. Saline injection produced no significant effects and no differences were detected between the animals at baseline. The analysis of the effects of clonidine in paclitaxel-injected animals in the cold test (Figure 3E) revealed a significant interaction between treatments and time [F(3,44) = 7.087, p = 0.0005]. The lower dose of clonidine (0.1 μg) produced no effects compared to T0 and saline. The higher doses of clonidine significantly increased paw withdrawal latency compared to baseline (1 μg: p = 0.0025; 10 μg: p < 0.0001) and saline (1 μg: p = 0.0076; 10 μg: p < 0.0001). Clonidine at 10 μg showed higher withdrawal latencies compared to clonidine at 0.1 μg (p = 0.001; Figure 3E). No differences were detected between clonidine 1 and 10 μg (Figure 3E). Overall, the analysis of the variation from baseline (Figure 3F) revealed an effect of the experimental group [F(1,35) = 20.07; p < 0.0001] and treatment [F(2,35) = 6.689; p = 0.0035] but no interaction [F(2,35) = 1.257; p = 0.2971]. Therefore, the variation is higher in paclitaxel- than DMSO-injected animals. Overall the effects of the lower dose (0.1 μg) are significantly lower than the higher dose (10 μg; p = 0.0079).



DBH-Immunoreaction at the Spinal Cord

To evaluate if the noradrenergic innervation of the spinal dorsal horn is affected during CIPN, the DBH expression was analyzed (Figure 4). DBH-immunoreactive fibers were clearly recognized by the brown axons and varicosities scattered throughout the spinal dorsal horn (Figures 4A,B). The sections from paclitaxel-injected animals presented significantly higher percentages of DBH-positive pixels compared to the DMSO-injected animals in laminae I–II (p = 0.0011; Figure 4C), lamina III (p = 0.0216; Figure 4D), and IV (p = 0.0004; Figure 4E). No statistically significantly differences were detected in lamina V (p = 0.0652; Figure 4F). The total length of DBH-positive fibers was also analyzed (Figures 4G–J). Paclitaxel-injected animals showed longer DBH-positive fibers compared to DMSO-injected animals in laminae I–II (p = 0.0002; Figure 4G), lamina III (p = 0.0008; Figure 4H), IV (p = 0.0013; Figure 4I), and V (p = 0.0158; Figure 4J).
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FIGURE 4. Spinal noradrenergic system evaluated by DBH immunoreaction (30 days after the first paclitaxel injection). Representative photomicrographs of DBH expression at the spinal dorsal horn (A,B). The details of fibers namely varicosities are better depicted in (B) (arrows). Scale bar in (A,B) 200 and 25 μm, respectively. The mean percentages of DBH positive pixels evaluated using the ROI manager are shown in laminae I-II (C), III (D), IV (E), and V (F). The total length of DBH-immunoreactive fibers quantified using skeleton macro is shown in laminae I-II (G), III (H), IV (I), and V (J). Data are presented as mean ± SD (DMSO n = 6; paclitaxel n = 6). ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 paclitaxel vs. DMSO.




Spinal Expression of α2A-AR

In order to evaluate if the higher effects of α2A-AR ligands observed in paclitaxel-injected animals were related to changes in receptor expression, the analysis of the α2A-AR expression at the spinal dorsal horn was performed (Figure 5). The immunofluorescence quantification of the superficial dorsal horn (laminae I-II) (Figure 5E) revealed that the percentage of α2A-AR positive pixels were not statistically significant different between DMSO- and paclitaxel-injected animals (p = 0.2017). Likewise, the analysis of size and number of α2A-AR positive objects did not show significantly differences between experimental groups (p = 0.2804 and p = 0.1820, respectively; Figures 5C,D).
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FIGURE 5. Expression of α2A-AR in the spinal dorsal horn (30 days after the first paclitaxel injection). Representative photomicrographs of a α2A-AR positive pixels at laminae I–II are shown in (A,B). The immunolabelling occurs in structures with neuronal morphology, which are better represented by arrows in (B). Scale bar in (A,B): 100 and 50 μm, respectively. (C,D) Show the size and the number of α2A-AR positive neurons, respectively, determined in laminae I-II in DMSO- and paclitaxel-injected animals. (E) Represents the percentage of α2A-AR positive pixels in laminae I-II of DMSO- and paclitaxel-injected animals. Data are presented as mean ± SD (DMSO n = 5; paclitaxel n = 5). (F) Depicts the quantification of α2A–AR assessed by western-blotting from DMSO- and paclitaxel-injected animals. GAPDH was used as a control of the western-blotting procedure. Data are presented as mean ± SD (DMSO n = 5; paclitaxel n = 5).


The western-blotting analysis (Figure 5F) did not show statistically significant differences between DMSO- and paclitaxel-injected animals (p = 0.7174).



DISCUSSION

The present study shows, for the first time, that the noradrenergic modulation of spinal nociceptive transmission is altered in an animal model of paclitaxel-induced CIPN. This is relevant since the study of descending pain modulation should take into account the specific features of the preclinical model (Porreca et al., 2002; Ossipov et al., 2014) and descending noradrenergic modulation was never studied in the paclitaxel-induced CIPN model. To study noradrenergic modulation of nociceptive transmission at the spinal cord in paclitaxel-induced CIPN, we performed behavioral and structural studies. Regarding the behavioral studies, paclitaxel-injected animals treated with the selective NA reuptake inhibitor reboxetine showed a decrease of nociceptive behaviors. The antinociceptive effects of reboxetine were much more robust in paclitaxel-injected animals than in controls, both in magnitude and duration. Considering the increased NA levels in the spinal cord after reboxetine injection (Nakajima et al., 2012), the present findings showing antinociceptive effects after reboxetine administration indicate an increased recruitment of descending noradrenergic pain inhibition during paclitaxel-induced CIPN. The reboxetine data are further supported by the results of the intrathecal administration of the α2A-AR antagonist atipamezole and of the α2A-AR agonist clonidine since both drugs induced higher behavioral effects in paclitaxel-injected animals. The results suggest a relation between the dose and the magnitude of behavioral antinociceptive responses. Furthermore, the lowest clonidine dose (0.1 μg) failed to show an effect in DMSO-injected animals whereas in paclitaxel-injected animals it induced an antinociceptive effect. The clonidine data reinforce the hypothesis that in paclitaxel-induced CIPN there is an increased recruitment of noradrenergic modulation at the spinal cord. Incidentally, it should be noted that the current pharmacological studies support the existence of tonic noradrenergic inhibition since the intrathecal administration of atipamezole and clonidine to DMSO-injected animals altered their behavioral nociceptive responses. The existence of a tonic noradrenergic inhibition is a question under dispute since some studies show that atipamezole induces mechanical and cold allodynia in control animals (Xu et al., 1999), whereas others failed to show effects (Wei and Pertovaara, 2006; Patel et al., 2018). The role of the descending noradrenergic system during chronic pain installation is interesting. In traumatic pain models, some studies reported plastic changes and functional upregulation of spinal α2-AR (Stone et al., 1999; Ma and Eisenach, 2003; Bantel et al., 2005; Hayashida et al., 2008). This was proposed to compensate the enhanced nociceptive peripheral input, through increased noradrenaline levels and enhancement of the potency of α2-AR at the spinal cord. With the progression of traumatic neuropathy, a gradual loss of descending noradrenergic inhibition occurs along with an increase of descending facilitation (Viisanen and Pertovaara, 2007; Rahman et al., 2008; Hughes et al., 2013, 2015; Patel et al., 2018). By studying paclitaxel-induced CIPN using a short duration, the present result indicates that CIPN is similar to short-term models of traumatic neuropathy. Since the duration of neuropathy also affects the features of descending modulation, we will increase the duration of our studies in the paclitaxel-induced CIPN model to evaluate if a switch of descending noradrenergic modulation from inhibitory to facilitatory could account for the intensification of CIPN after long term chemotherapy treatments, a current problem for cancer survivors (Mantyh, 2006; Seretny et al., 2014).

As to the structural data, the levels of DBH in the spinal dorsal horn cord were higher in paclitaxel-injected animals. The analysis of the laminar distribution in what concerns the length of fibers and positive-pixels showed that the increase was due to contribution of all the spinal laminae. The increase in the DBH levels at the spinal cord matches the results obtained in traumatic neuropathic pain models (Ma and Eisenach, 2003) and indicates increased noradrenergic innervation of the spinal dorsal horn in chronic pain situations. The higher potency of atipamezole and clonidine in paclitaxel-injected animals cannot be explained by an increase in the expression of α2A-AR at the superficial dorsal horn (laminae I–II), as no differences were found in the expression of α2A-AR between paclitaxel- and DMSO-injected animals. An increase of potency of α2-AR without changes in receptor expression may be due to increased efficiency of G-protein coupled α2-AR (Bantel et al., 2005; Chen et al., 2007). The antinociceptive effects of clonidine are well reported in clinical studies (Rauck et al., 2015) and in models of traumatic peripheral nerve injury (Hayashida et al., 2008). Clonidine acts at presynaptic α2-AR located on the central terminals of primary afferents and on postsynaptic dorsal horn α2-AR (Pan et al., 2002; Mitrovic et al., 2003). In the present study, we cannot discriminate between the pre- and postsynaptic components of α2-AR. Paclitaxel induces abnormal outgrowth of primary afferent sensory neurons (Letourneau and Ressler, 1984; Cliffer et al., 1998) but since no changes in α2-AR expression were detected in the present study, it is likely that the primary afferents which express α2-AR are not structurally affected during CINP. The neurochemical nature of primary affect fibers damaged by paclitaxel is starting to be studied with indications that NMDA receptors are affected (Xie et al., 2016; Chen et al., 2019). Another emergent issue is the cell type which expresses α2-AR since at the spinal cord the receptors are present in neurons and glial cells (Xu et al., 2010). No differences were detected in the number and size of cell profiles immunostained for α2-AR between the experimental groups and most of the immunostained profiles were large and similar to neurons. Detailed comparisons of the expression of α2-AR in neurons and glial cells (astrocytes and microglia) between control and paclitaxel-injected animals can provide evidence about a possible role of spinal glia during CIPN. The behavioral studies with reboxetine, atipamezole and clonidine clearly showed more pronounced drug effects in mechanical allodynia than in cold hyperalgesia. This is an interesting finding since mechanical allodynia is a sensory modality predominantly modulated supraspinally, namely by brainstem centers engaged in noradrenergic inhibitory control (Xu et al., 1999; Saade et al., 2006; Hughes et al., 2015). The LC is likely to be the main source of the increased descending input since it is, by large, the main source of noradrenergic fibers at the spinal cord in the rat strain used in the present study (Tavares et al., 1997). Noradrenergic modulation from the LC is an important coordinator of the balance between inhibition and facilitation of descending pain control (Rahman et al., 2008; Martins et al., 2015). We showed antinociceptive effects of NA in paclitaxel-injected animals which indicates that during CIPN noradrenergic modulation from the LC preserves its inhibitory tone. We have recently shown that in paclitaxel-induced CIPN there is an increased activation of serotoninergic RVM neurons (Costa-Pereira et al., 2019). Since the RVM targets the LC and this connection is relevant for descending noradrenergic pain modulation (Sim and Joseph, 1992; Bahari and Meftahi, 2019) it is possible that the activation of RVM neurons recently reported in the paclitaxel-induced CIPN model (Costa-Pereira et al., 2019) is a trigger of increased recruitment of noradrenergic descending modulation during CIPN.

Patients affected by CIPN are empirically treated with antidepressant drugs which potentiate the effects of NA and serotonin but the relative contribution of each neurochemical system is unknown (Sisignano et al., 2014). By showing that in the paclitaxel CIPN model, the inhibitory function of the noradrenergic system is potentiated and based on our recent demonstration that the serotoninergic system exerts pronociceptive effects mediated by spinal 5HT3 receptors (Costa-Pereira et al., 2019), we propose that treating CIPN with drugs that mainly target the noradrenergic system may be a valuable approach in the future of cancer treatment. However, further preclinical studies are necessary namely in what concerns the evaluation of the mechanisms of noradrenergic modulation of nociceptive transmission during CIPN in female animals. Although no differences in the sex differences in mechanical allodynia were detected between male and female rodents (Hwang et al., 2012; Naji-Esfahani et al., 2016), one study showed sex differences in cold allodynia (Ward et al., 2011). To better envisage the translational perspectives of the present study, it is important to include female animals inasmuch that paclitaxel is used in the treatment of tumors that affect women, such as breast, cervical and ovarian cancers (Cavaletti and Marmiroli, 2010).



DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of the Faculty of Medicine of the University of Porto.



AUTHOR CONTRIBUTIONS

JC-P, IM, and IT participated in study design and planning of experiments, wrote the first versions of the manuscript. JC-P and JR performed the experiments. JC-P, JR, and IM analyzed the data. All authors revised the manuscript.



FUNDING

This study was supported by a grant of Norte 2020/NORTE-01-0145-FEDER-000008. JC-P is recipient of a Ph.D. grant of NORTE-08-5369-FSE-000026. The sponsors had no role in study design, collection, analysis, interpretation of data, and writing of the manuscript for publication.



REFERENCES

Bahari, Z., and Meftahi, G. H. (2019). Spinal alpha2 -adrenoceptors and neuropathic pain modulation; therapeutic target. Br. J. Pharmacol. 176, 2366–2381. doi: 10.1111/bph.14580

Bantel, C., Eisenach, J. C., Duflo, F., Tobin, J. R., and Childers, S. R. (2005). Spinal nerve ligation increases alpha2-adrenergic receptor G-protein coupling in the spinal cord. Brain Res. 1038, 76–82. doi: 10.1016/j.brainres.2005.01.016

Bie, B., Fields, H. L., Williams, J. T., and Pan, Z. Z. (2003). Roles of alpha1- and alpha2-adrenoceptors in the nucleus raphe magnus in opioid analgesia and opioid abstinence-induced hyperalgesia. J. Neurosci. 23, 7950–7957. doi: 10.1523/jneurosci.23-21-07950.2003

Boehmerle, W., Huehnchen, P., Peruzzaro, S., Balkaya, M., and Endres, M. (2014). Electrophysiological, behavioral and histological characterization of paclitaxel, cisplatin, vincristine and bortezomib-induced neuropathy in C57Bl/6 mice. Sci. Rep. 4:6370. doi: 10.1038/srep06370

Braz, J. M., Wang, X., Guan, Z., Rubenstein, J. L., and Basbaum, A. I. (2015). Transplant-mediated enhancement of spinal cord GABAergic inhibition reverses paclitaxel-induced mechanical and heat hypersensitivity. Pain 156, 1084–1091. doi: 10.1097/j.pain.0000000000000152

Budai, D., Harasawa, I., and Fields, H. L. (1998). Midbrain periaqueductal gray (PAG) inhibits nociceptive inputs to sacral dorsal horn nociceptive neurons through alpha2-adrenergic receptors. J. Neurophysiol. 80, 2244–2254. doi: 10.1152/jn.1998.80.5.2244

Cata, J. P., Weng, H. R., Chen, J. H., and Dougherty, P. M. (2006). Altered discharges of spinal wide dynamic range neurons and down-regulation of glutamate transporter expression in rats with paclitaxel-induced hyperalgesia. Neuroscience 138, 329–338. doi: 10.1016/j.neuroscience.2005.11.009

Cavaletti, G., and Marmiroli, P. (2010). Chemotherapy-induced peripheral neurotoxicity. Nat. Rev. Neurol. 6, 657–666. doi: 10.1038/nrneurol.2010.160

Chaplan, S. R., Bach, F. W., Pogrel, J. W., Chung, J. M., and Yaksh, T. L. (1994). Quantitative assessment of tactile allodynia in the rat paw. J. Neurosci. Methods 53, 55–63. doi: 10.1016/0165-0270(94)90144-9

Chen, S. R., Pan, H. M., Richardson, T. E., and Pan, H. L. (2007). Potentiation of spinal alpha(2)-adrenoceptor analgesia in rats deficient in TRPV1-expressing afferent neurons. Neuropharmacology 52, 1624–1630. doi: 10.1016/j.neuropharm.2007.03.009

Chen, Y., Chen, S. R., Chen, H., Zhang, J., and Pan, H. L. (2019). Increased alpha2delta-1-NMDA receptor coupling potentiates glutamatergic input to spinal dorsal horn neurons in chemotherapy-induced neuropathic pain. J. Neurochem. 148, 252–274. doi: 10.1111/jnc.14627

Chen, Y., Yang, C., and Wang, Z. J. (2011). Proteinase-activated receptor 2 sensitizes transient receptor potential vanilloid 1, transient receptor potential vanilloid 4, and transient receptor potential ankyrin 1 in paclitaxel-induced neuropathic pain. Neuroscience 193, 440–451. doi: 10.1016/j.neuroscience.2011.06.085

Cliffer, K. D., Siuciak, J. A., Carson, S. R., Radley, H. E., Park, J. S., Lewis, D. R., et al. (1998). Physiological characterization of Taxol-induced large-fiber sensory neuropathy in the rat. Ann. Neurol. 43, 46–55. doi: 10.1002/ana.410430111

Costa-Pereira, J. T., Serrao, P., Martins, I., and Tavares, I. (2019). Serotoninergic pain modulation from the rostral ventromedial medulla (RVM) in chemotherapy-induced neuropathy: the role of spinal 5-HT3 receptors. Eur. J. Neurosci. doi: 10.1111/ejn.14614 [Epub ahead of print].

Dimitrov, E. L., Kuo, J., Kohno, K., and Usdin, T. B. (2013). Neuropathic and inflammatory pain are modulated by tuberoinfundibular peptide of 39 residues. Proc. Natl. Acad. Sci. U.S.A. 110, 13156–13161. doi: 10.1073/pnas.1306342110

Eisenach, J. C., De Kock, M., and Klimscha, W. (1996). alpha(2)-adrenergic agonists for regional anesthesia. A clinical review of clonidine (1984-1995). Anesthesiology 85, 655–674. doi: 10.1097/00000542-199609000-00026

Ferris, C. F., Nodine, S., Pottala, T., Cai, X., Knox, T. M., Fofana, F. H., et al. (2019). Alterations in brain neurocircuitry following treatment with the chemotherapeutic agent paclitaxel in rats. Neurobiol. Pain 6:100034. doi: 10.1016/j.ynpai.2019.100034

Flatters, S. J., and Bennett, G. J. (2006). Studies of peripheral sensory nerves in paclitaxel-induced painful peripheral neuropathy: evidence for mitochondrial dysfunction. Pain 122, 245–257. doi: 10.1016/j.pain.2006.01.037

Handy, D. E., Flordellis, C. S., Bogdanova, N. N., Bresnahan, M. R., and Gavras, H. (1993). Diverse tissue expression of rat alpha 2-adrenergic receptor genes. Hypertension 21, 861–865. doi: 10.1161/01.hyp.21.6.861

Hayashida, K., Clayton, B. A., Johnson, J. E., and Eisenach, J. C. (2008). Brain derived nerve growth factor induces spinal noradrenergic fiber sprouting and enhances clonidine analgesia following nerve injury in rats. Pain 136, 348–355. doi: 10.1016/j.pain.2007.07.014

Heinricher, M. M., Tavares, I., Leith, J. L., and Lumb, B. M. (2009). Descending control of nociception: specificity, recruitment and plasticity. Brain Res. Rev. 60, 214–225. doi: 10.1016/j.brainresrev.2008.12.009

Howorth, P. W., Teschemacher, A. G., and Pickering, A. E. (2009). Retrograde adenoviral vector targeting of nociresponsive pontospinal noradrenergic neurons in the rat in vivo. J. Comp. Neurol. 512, 141–157. doi: 10.1002/cne.21879

Hughes, S., Hickey, L., Donaldson, L. F., Lumb, B. M., and Pickering, A. E. (2015). Intrathecal reboxetine suppresses evoked and ongoing neuropathic pain behaviours by restoring spinal noradrenergic inhibitory tone. Pain 156, 328–334. doi: 10.1097/01.j.pain.0000460313.73358.31

Hughes, S. W., Hickey, L., Hulse, R. P., Lumb, B. M., and Pickering, A. E. (2013). Endogenous analgesic action of the pontospinal noradrenergic system spatially restricts and temporally delays the progression of neuropathic pain following tibial nerve injury. Pain 154, 1680–1690. doi: 10.1016/j.pain.2013.05.010

Hwang, B. Y., Kim, E. S., Kim, C. H., Kwon, J. Y., and Kim, H. K. (2012). Gender differences in paclitaxel-induced neuropathic pain behavior and analgesic response in rats. Korean J. Anesthesiol. 62, 66–72. doi: 10.4097/kjae.2012.62.1.66

Kawasaki, Y., Kumamoto, E., Furue, H., and Yoshimura, M. (2003). Alpha 2 adrenoceptor-mediated presynaptic inhibition of primary afferent glutamatergic transmission in rat substantia gelatinosa neurons. Anesthesiology 98, 682–689. doi: 10.1097/00000542-200303000-00016

Kerckhove, N., Collin, A., Conde, S., Chaleteix, C., Pezet, D., and Balayssac, D. (2017). Long-term effects, pathophysiological mechanisms, and risk factors of chemotherapy-induced peripheral neuropathies: a comprehensive literature review. Front. Pharmacol. 8:86. doi: 10.3389/fphar.2017.00086

Kinoshita, J., Takahashi, Y., Watabe, A. M., Utsunomiya, K., and Kato, F. (2013). Impaired noradrenaline homeostasis in rats with painful diabetic neuropathy as a target of duloxetine analgesia. Mol. Pain 9:59. doi: 10.1186/1744-8069-9-59

Lapmanee, S., Charoenphandhu, J., and Charoenphandhu, N. (2013). Beneficial effects of fluoxetine, reboxetine, venlafaxine, and voluntary running exercise in stressed male rats with anxiety- and depression-like behaviors. Behav. Brain Res. 250, 316–325. doi: 10.1016/j.bbr.2013.05.018

Letourneau, P. C., and Ressler, A. H. (1984). Inhibition of neurite initiation and growth by taxol. J. Cell Biol. 98, 1355–1362. doi: 10.1083/jcb.98.4.1355

Ma, W., and Eisenach, J. C. (2003). Chronic constriction injury of sciatic nerve induces the up-regulation of descending inhibitory noradrenergic innervation to the lumbar dorsal horn of mice. Brain Res. 970, 110–118. doi: 10.1016/s0006-8993(03)02293-5

Mantyh, P. W. (2006). Cancer pain and its impact on diagnosis, survival and quality of life. Nat. Rev. Neurosci. 7, 797–809. doi: 10.1038/nrn1914

Martins, I., Carvalho, P., De Vries, M. G., Teixeira-Pinto, A., Wilson, S. P., Westerink, B. H., et al. (2015). Increased noradrenergic neurotransmission to a pain facilitatory area of the brain is implicated in facilitation of chronic pain. Anesthesiology 123, 642–653. doi: 10.1097/ALN.0000000000000749

Mitrovic, I., Margeta-Mitrovic, M., Bader, S., Stoffel, M., Jan, L. Y., and Basbaum, A. I. (2003). Contribution of GIRK2-mediated postsynaptic signaling to opiate and alpha 2-adrenergic analgesia and analgesic sex differences. Proc. Natl. Acad. Sci. U.S.A. 100, 271–276. doi: 10.1073/pnas.0136822100

Naji-Esfahani, H., Vaseghi, G., Safaeian, L., Pilehvarian, A. A., Abed, A., and Rafieian-Kopaei, M. (2016). Gender differences in a mouse model of chemotherapy-induced neuropathic pain. Lab. Anim. 50, 15–20. doi: 10.1177/0023677215575863

Nakajima, K., Obata, H., Iriuchijima, N., and Saito, S. (2012). An increase in spinal cord noradrenaline is a major contributor to the antihyperalgesic effect of antidepressants after peripheral nerve injury in the rat. Pain 153, 990–997. doi: 10.1016/j.pain.2012.01.029

Ortiz, J. P., Close, L. N., Heinricher, M. M., and Selden, N. R. (2008). Alpha(2)-noradrenergic antagonist administration into the central nucleus of the amygdala blocks stress-induced hypoalgesia in awake behaving rats. Neuroscience 157, 223–228. doi: 10.1016/j.neuroscience.2008.08.051

Ossipov, M. H., Morimura, K., and Porreca, F. (2014). Descending pain modulation and chronification of pain. Curr. Opin. Support Palliat. Care 8, 143–151. doi: 10.1097/SPC.0000000000000055

Pan, Y. Z., Li, D. P., and Pan, H. L. (2002). Inhibition of glutamatergic synaptic input to spinal lamina II(o) neurons by presynaptic alpha(2)-adrenergic receptors. J. Neurophysiol. 87, 1938–1947. doi: 10.1152/jn.00575.2001

Patel, R., Qu, C., Xie, J. Y., Porreca, F., and Dickenson, A. H. (2018). Selective deficiencies in descending inhibitory modulation in neuropathic rats: implications for enhancing noradrenergic tone. Pain 159, 1887–1899. doi: 10.1097/j.pain.0000000000001300

Pertovaara, A. (2006). Noradrenergic pain modulation. Prog. Neurobiol. 80, 53–83. doi: 10.1016/j.pneurobio.2006.08.001

Pertovaara, A. (2013). The noradrenergic pain regulation system: a potential target for pain therapy. Eur. J. Pharmacol. 716, 2–7. doi: 10.1016/j.ejphar.2013.01.067

Pertovaara, A., Hamalainen, M. M., Kauppila, T., Mecke, E., and Carlson, S. (1994). Dissociation of the alpha 2-adrenergic antinociception from sedation following microinjection of medetomidine into the locus coeruleus in rats. Pain 57, 207–215. doi: 10.1016/0304-3959(94)90225-9

Polomano, R. C., Mannes, A. J., Clark, U. S., and Bennett, G. J. (2001). A painful peripheral neuropathy in the rat produced by the chemotherapeutic drug, paclitaxel. Pain 94, 293–304. doi: 10.1016/s0304-3959(01)00363-3

Porreca, F., Ossipov, M. H., and Gebhart, G. F. (2002). Chronic pain and medullary descending facilitation. Trends Neurosci. 25, 319–325. doi: 10.1016/s0166-2236(02)02157-4

Rahman, W., D’mello, R., and Dickenson, A. H. (2008). Peripheral nerve injury-induced changes in spinal alpha(2)-adrenoceptor-mediated modulation of mechanically evoked dorsal horn neuronal responses. J. Pain 9, 350–359. doi: 10.1016/j.jpain.2007.11.010

Rauck, R. L., North, J., and Eisenach, J. C. (2015). Intrathecal clonidine and adenosine: effects on pain and sensory processing in patients with chronic regional pain syndrome. Pain 156, 88–95. doi: 10.1016/j.pain.0000000000000007

Saade, N. E., Al Amin, H., Chalouhi, S., Baki, S. A., Jabbur, S. J., and Atweh, S. F. (2006). Spinal pathways involved in supraspinal modulation of neuropathic manifestations in rats. Pain 126, 280–293. doi: 10.1016/j.pain.2006.07.010

Samineni, V. K., Premkumar, L. S., and Faingold, C. L. (2017). Neuropathic pain-induced enhancement of spontaneous and pain-evoked neuronal activity in the periaqueductal gray that is attenuated by gabapentin. Pain 158, 1241–1253. doi: 10.1097/j.pain.0000000000000905

Seretny, M., Currie, G. L., Sena, E. S., Ramnarine, S., Grant, R., Macleod, M. R., et al. (2014). Incidence, prevalence, and predictors of chemotherapy-induced peripheral neuropathy: a systematic review and meta-analysis. Pain 155, 2461–2470. doi: 10.1016/j.pain.2014.09.020

Sim, L. J., and Joseph, S. A. (1992). Efferent projections of the nucleus raphe magnus. Brain Res. Bull. 28, 679–682. doi: 10.1016/0361-9230(92)90246-t

Sisignano, M., Baron, R., Scholich, K., and Geisslinger, G. (2014). Mechanism-based treatment for chemotherapy-induced peripheral neuropathic pain. Nat. Rev. Neurol. 10, 694–707. doi: 10.1038/nrneurol.2014.211

Stone, L. S., Vulchanova, L., Riedl, M. S., Wang, J., Williams, F. G., Wilcox, G. L., et al. (1999). Effects of peripheral nerve injury on alpha-2A and alpha-2C adrenergic receptor immunoreactivity in the rat spinal cord. Neuroscience 93, 1399–1407. doi: 10.1016/s0306-4522(99)00209-2

Tavares, I., Lima, D., and Coimbra, A. (1997). The pontine A5 noradrenergic cells which project to the spinal cord dorsal horn are reciprocally connected with the caudal ventrolateral medulla in the rat. Eur. J. Neurosci. 9, 2452–2461. doi: 10.1111/j.1460-9568.1997.tb01662.x

Tracey, I., and Mantyh, P. W. (2007). The cerebral signature for pain perception and its modulation. Neuron 55, 377–391. doi: 10.1016/j.neuron.2007.07.012

Vanderah, T. W., Suenaga, N. M., Ossipov, M. H., Malan, T. P. Jr, Lai, J., and Porreca, F. (2001). Tonic descending facilitation from the rostral ventromedial medulla mediates opioid-induced abnormal pain and antinociceptive tolerance. J. Neurosci. 21, 279–286. doi: 10.1523/jneurosci.21-01-00279.2001

Viisanen, H., and Pertovaara, A. (2007). Influence of peripheral nerve injury on response properties of locus coeruleus neurons and coeruleospinal antinociception in the rat. Neuroscience 146, 1785–1794. doi: 10.1016/j.neuroscience.2007.03.016

Ward, S. J., Ramirez, M. D., Neelakantan, H., and Walker, E. A. (2011). Cannabidiol prevents the development of cold and mechanical allodynia in paclitaxel-treated female C57Bl6 mice. Anesth. Analg. 113, 947–950. doi: 10.1213/ANE.0b013e3182283486

Wei, H., and Pertovaara, A. (2006). Spinal and pontine alpha2-adrenoceptors have opposite effects on pain-related behavior in the neuropathic rat. Eur. J. Pharmacol. 551, 41–49. doi: 10.1016/j.ejphar.2006.08.064

Willing, J., Cortes, L. R., Brodsky, J. M., Kim, T., and Juraska, J. M. (2017). Innervation of the medial prefrontal cortex by tyrosine hydroxylase immunoreactive fibers during adolescence in male and female rats. Dev. Psychobiol. 59, 583–589. doi: 10.1002/dev.21525

Worthley, E. G., and Schott, C. D. (1969). The toxicity of four concentrations of DMSO. Toxicol. Appl. Pharmacol. 15, 275–281. doi: 10.1016/0041-008x(69)90027-1

Xie, J. D., Chen, S. R., Chen, H., Zeng, W. A., and Pan, H. L. (2016). Presynaptic N-Methyl-d-aspartate (n.d.) receptor activity is increased through protein Kinase C in paclitaxel-induced neuropathic pain. J. Biol. Chem. 291, 19364–19373. doi: 10.1074/jbc.M116.732347

Xu, B., Zhang, W. S., Yang, J. L., Lu, N., Deng, X. M., Xu, H., et al. (2010). Evidence for suppression of spinal glial activation by dexmedetomidine in a rat model of monoarthritis. Clin. Exp. Pharmacol. Physiol. 37, e158–e166. doi: 10.1111/j.1440-1681.2010.05426.x

Xu, M., Kontinen, V. K., and Kalso, E. (1999). Endogenous noradrenergic tone controls symptoms of allodynia in the spinal nerve ligation model of neuropathic pain. Eur. J. Pharmacol. 366, 41–45. doi: 10.1016/s0014-2999(98)00910-8

Yadav, R., Yan, X., Maixner, D. W., Gao, M., and Weng, H. R. (2015). Blocking the GABA transporter GAT-1 ameliorates spinal GABAergic disinhibition and neuropathic pain induced by paclitaxel. J. Neurochem. 133, 857–869. doi: 10.1111/jnc.13103

Yaksh, T. L., Pogrel, J. W., Lee, Y. W., and Chaplan, S. R. (1995). Reversal of nerve ligation-induced allodynia by spinal alpha-2 adrenoceptor agonists. J. Pharmacol. Exp. Ther. 272, 207–214.

Zimmermann, M. (1983). Ethical guidelines for investigations of experimental pain in conscious animals. Pain 16, 109–110. doi: 10.1016/0304-3959(83)90201-4

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Costa-Pereira, Ribeiro, Martins and Tavares. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-13-01413-g001.jpg
PowwihdmiGrecholdtosd
3 3

o
3

Lo

el ancy )

DDMSO-injected animals

T e T
- Saine

T 10
- Rebosetne

DMSO-injected animals

"
. - sine
= Rebarotne
To T30

Pawwitcaws trosholddostsd 0

[ ——

Paclitaxel-injected animals

Paciitaxel-injocted animals

#
—t—

- saino
= Roborotne

c

%5 change from 8L

007

il 1l

% changs from BL

L]

]

Percentage of change - von Frey

o
oMSO Pacitaxel

Percentage of change - Cold Plate

DMSO Paclitaxel

- ssine
Reboresne

saline
= Reboxetne





OPS/images/fnins-13-01413-g002.jpg
I T
T30

Paclitaxel

_l
: _L

5 & < S

DMSO

@ (s) Kousye| jemespym med

m
m_[

< < s S
< ([6]60)) ploysaiy) [eMeIpyIm med

T30

I T

Paclitaxel

DMSO





OPS/images/fnins-13-01413-g005.jpg
H

H

No. az4oAR positive colls
5 3

03

H

g

-

Asbitrary units

» Packmel

00-

G pacts





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Role of Spinal Cord α2-Adrenoreceptors in Noradrenergic Inhibition of Nociceptive Transmission During Chemotherapy-Induced Peripheral Neuropathy



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Induction of the CIPN Model



		Drug Delivery and Behavioral Evaluation



		Reboxetine Experiments



		Atipamezole Experiments



		Clonidine Experiments







		Immunohistochemistry



		Dopamine-β-Hydroxylase (DBH) Immunoreaction



		α2A-AR Immunoreaction







		Western- Blot Analysis of α2A AR



		Specificity of Primary Antibodies



		Statistical Analysis







		RESULTS



		Antinociceptive Effects of Reboxetine



		Pronociceptive Effects of Atipamezole



		Antinociceptive Effects of Clonidine



		DBH-Immunoreaction at the Spinal Cord



		Spinal Expression of α2A-AR







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fnins-13-01413-g003.jpg
Paw withdrawal latency (s)

DMSO-injected animals

DMSO-injected animals

B Paclitaxelinjected animals

Paclitaxel-injected animals.

I

o
%]’
= -

e Cidns Condna Goniins
Ol T 0w

ao
gz

ao

C Percentage of change - von Frey test

% change from BL

il

Gordne” “Conano " Chear
g 015

CIoMsO W Paciaxel

Percentage of change - Cold plate test

Ladd

Gondno "~ Genidno  Glridno.
2 T 019

% change from BL

I OMSO W Paditaxel





OPS/images/fnins-13-01413-g004.jpg
— o —
=Rl

=Ea=}

O wv W et O S





OPS/images/cover.jpg
, frontiers
In Neuroscience

Role of Spinal Cord
a-Adrenoreceptors
in Noradrenergic Inhibition
of Nociceptive Transmission
During Chemotherapy-Induced
Peripheral Neuropathy









OPS/images/logo.jpg
' frontiers

in Neuroscience





