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Abstract 36 

Chronic pain caused by spinal cord injury (SCI) is notoriously resistant to treatment, particularly 37 

by opioids. After SCI, dorsal root ganglion neurons show hyperactivity and chronic 38 

depolarization of resting membrane potential (RMP) that is maintained by cAMP signaling 39 

through PKA and EPAC. Importantly, SCI also reduces the negative regulation by Gαi of 40 

adenylyl cyclase and its production of cAMP, independent of alterations in G protein-coupled 41 

receptors and/or G proteins. Opioid reduction of pain depends upon coupling of opioid receptors 42 

to Gαi/o family members. Combining high-content imaging and cluster analysis, we show that in 43 

male rats SCI decreases opioid responsiveness in vitro within a specific subset of small-44 

diameter nociceptors that bind isolectin B4. This SCI effect is mimicked in nociceptors from 45 

naïve animals by a modest 5 min depolarization of RMP (15 mM K+; -45 mV), reducing inhibition 46 

of cAMP signaling by mu-opioid receptor agonists DAMGO and morphine. Disinhibition and 47 

activation of C-Raf by depolarization-dependent phosphorylation are central to these effects. 48 

Expression of an activated C-Raf reduces sensitivity of adenylyl cyclase to opioids in non-49 

excitable HEK293 cells, while inhibition of C-Raf or treatment with the hyperpolarizing drug 50 

retigabine restores opioid responsiveness and blocks spontaneous activity of nociceptors after 51 

SCI. Inhibition of ERK downstream of C-Raf also blocks SCI-induced hyperexcitability and 52 

depolarization, without direct effects on opioid responsiveness. Thus, depolarization-dependent 53 

C-Raf and downstream ERK activity maintain a depolarized resting membrane potential and 54 

nociceptor hyperactivity after SCI, providing a self-reinforcing mechanism to persistently 55 

promote nociceptor hyperexcitability and limit the therapeutic effectiveness of opioids. 56 

  57 
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Significance Statement 58 

Chronic pain induced by spinal cord injury (SCI) is often permanent and debilitating, and usually 59 

refractory to treatment with analgesics, including opioids. SCI-induced pain in a rat model has 60 

been shown to depend upon persistent hyperactivity in primary nociceptors (injury-detecting 61 

sensory neurons), associated with a decrease in the sensitivity of adenylyl cyclase production of 62 

cAMP to inhibitory Gαi proteins in dorsal root ganglia. This study shows that SCI and one 63 

consequence of SCI –– chronic depolarization of resting membrane potential –– decrease 64 

sensitivity to opioid-mediated inhibition of cAMP and promote hyperactivity of nociceptors by 65 

enhancing C-Raf activity. ERK activation downstream of C-Raf is necessary for maintaining 66 

ongoing depolarization and hyperactivity, demonstrating an unexpected positive feedback loop 67 

to persistently promote pain. 68 

69 
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Introduction  70 

A highly distressing and often permanent complication of traumatic spinal cord injury (SCI) is 71 

chronic pain (Widerstrom-Noga, 2017). Like many forms of chronic pain, SCI-induced pain is 72 

often refractory to treatment by available pain medications, including opioids (Bryce, 2018). 73 

While alterations within the damaged spinal cord as well as the brain contribute to chronic SCI 74 

pain (Kramer et al., 2017; Vierck, 2019), our group and others have shown that electrical activity 75 

generated in peripheral terminals and cell bodies of sensory neurons located in dorsal root 76 

ganglia (DRGs) persistently increases after SCI (Carlton et al., 2009; Bedi et al., 2010; Ritter et 77 

al., 2015; Odem et al., 2018). Mechanisms of hyperactivity in nociceptors are logical targets for 78 

ameliorating chronic SCI pain because Nav1.8 expression (characteristic of most nociceptors 79 

and important for their action potential generation) was found to be necessary for chronic SCI 80 

pain in rats as measured by reflexive and operant behavioral tests (Yang et al., 2014).  81 

 We have previously shown that cAMP signaling is required for maintaining persistent 82 

hyperexcitable alterations induced by SCI in nociceptors (Bavencoffe et al., 2016; Berkey et al., 83 

2020). Unexpectedly, the negative regulation of cAMP production at the level of adenylyl 84 

cyclase (AC) by Gαi proteins was reduced after SCI in membrane preparations from DRGs, 85 

independent of alterations in G protein-coupled receptors and/or G proteins (Bavencoffe et al., 86 

2016). Analgesic effects of opioids and cannabinoids depend upon the coupling of these 87 

modulators' receptors to Gαi family members. Thus, an SCI-induced decrease in AC sensitivity 88 

to Gαi proteins indicates a reduction in the sensitivity of cAMP production in nociceptors to both 89 

endogenous and clinically applied opioids that might exacerbate chronic pain (Sun et al., 2019). 90 

How this insensitivity to opioid signaling is produced and how it integrates with the other 91 

alterations observed in nociceptor function after SCI are not known.   92 

Our observations that SCI induces chronic depolarization of nociceptors (Bavencoffe et 93 

al., 2016; Odem et al., 2018; Berkey et al., 2020) and decreases Gαi-mediated inhibition of 94 
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cAMP production led to the hypothesis that SCI-induced depolarization of resting membrane 95 

potential (RMP) plays a major role in driving the reduced responsiveness to opioids. Combining 96 

high content microscopy, cluster analysis and electrophysiology, we have tested this hypothesis 97 

and defined a critical signaling pathway. We confirm that months after SCI in intact rats, DRG 98 

neurons in culture are less sensitive to the mu opioid receptor (MOR) agonist DAMGO and we 99 

show that this phenomenon is largely restricted to the subpopulation of DRG neurons that bind 100 

isolectin B4 (IB4), a marker of non-peptidergic nociceptors. Importantly, reduced opioid 101 

sensitivity is induced in nociceptors from naive rats by artificial depolarization of RMPs similar to 102 

the depolarized RMPs found in spontaneously active nociceptors after SCI. The reduced opioid 103 

sensitivity is produced at least in part by depolarization activating components of the ERK 104 

pathway, including increased phosphorylation of C-Raf (S338) and phosphorylation-induced 105 

inhibition of C-Raf inhibitor RKIP (S153). Disinhibition and activation of C-Raf by depolarization 106 

shifts the dose-response curve of DAMGO to higher concentrations in DRG neurons from naive 107 

and SCI rats. Moreover, in non-excitable HEK293 cells activation of C-Raf or expression of an 108 

activated form of C-Raf also reduces the sensitivity of AC to the effects of opioids. The resulting 109 

ERK activity downstream from C-Raf is not necessary for the reduced responsiveness to 110 

opioids, but in sensory neurons ERK is required to maintain depolarized RMP and hyperactivity 111 

after SCI, demonstrating a positive feedback relationship between depolarization and ERK 112 

activity. Our results not only provide a novel mechanism linking opioid insensitivity to nociceptor 113 

hyperexcitability in a chronic pain state, but also reveal an unexpected feedback function for the 114 

persistent depolarization of RMP that is associated with SCI and many other chronic pain 115 

conditions to recurrently stimulate cell signaling pathways important for maintaining the 116 

nociceptor depolarization and other hyperexcitable alterations that persistently drive pain. 117 

  118 
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Materials and Methods 119 

Antibodies and Reagents 120 

Primary antibodies: Rabbit monoclonal anti-phospho RII (S99) (1:1000, clone 151, Abcam, # 121 

ab32390), mouse monoclonal anti phospho-p44/42 MAPK (T202/Y204) (1:300, clone E10, Cell 122 

Signaling, # 9106), anti-phospho RKIP (S153) (1:500, polyclonal, Santacruz # sc-32622), anti-123 

phospho C-Raf (S338) (1:500, Cell signaling, # 9427), anti-CGRP (1:1000, Santacruz # SC-124 

57053), anti-PGP9.5 (1:4000, Novus Biologicals, # NB110-58872). Secondary antibodies (all 125 

1:1000): Goat anti-chicken- DyLight 755, Goat anti-mouse Alexa Fluor (AF) 750, donkey anti-126 

mouse AF 647, 568, 488, Goat anti-rabbit AF 568, 488 were purchased from ThermoFisher. 127 

Isolectin B4-FITC (1:1500, MilliporeSigma, # L2895) DAPI. 128 

Drugs: retigabine and inhibitors for C-Raf (GW5074), pan-Raf (RAF709), ERK (UO126), PKA 129 

(H89), PKC (sotrastaurin), and Src (saracatinib) were purchased from Selleck Chemicals 130 

(Houston, TX). Forskolin and morphine sulfate were purchased from Cayman Chemicals (Ann 131 

Arbor, MI). DAMGO was purchased from Bachem (Switzerland). All drugs were prepared as 132 

stock solutions in PBS (morphine, DAMGO), or DMSO (retigabine, GW5074, RAF709, UO126, 133 

H89, Sotrastaurin, Saracatinib, forskolin) and kept as aliquots at -20°C. Raf-CTH was a gift from 134 

Dr. John Hancock (UTHealth) and represents a fusion of Raf-1 (C-Raf) with the complete 135 

carboxy-terminal hypervariable region of H-Ras, resulting in plasma membrane targeting and 136 

Raf activation (Inder et al., 2008).  137 

Animals 138 

All procedures followed the guidelines of the International Association for the Study of Pain and 139 

were approved by the McGovern Medical School at UT Health Animal Care and Use 140 

Committees. Male Sprague-Dawley rats (Envigo, USA) (8-9 weeks old, 250-300g, 2 per cage) 141 

were allowed to acclimate to a 12-hour reverse light/dark cycle for at least four days before 142 
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beginning experiments. Sex differences between male and female rats in nociceptor 143 

hyperactivity have been noted after SCI (Bedi et al., 2010) and, like other pain-related 144 

phenomena (Mogil, 2020), these may involve complex sex-specific mechanisms. Possible sex 145 

differences in the mechanisms addressed in this report are under separate investigation by the 146 

authors. 147 

Spinal cord injury (SCI) procedures 148 

Surgeries were conducted as previously described (Bedi et al., 2010; Wu, 2013; Yang et al., 149 

2014; Bavencoffe et al., 2016; Berkey et al., 2020). Rats were anesthetized with isoflurane 150 

(induction 4-5%; maintenance 1-2%, Henry Schein, Dublin, OH). A T10 vertebral laminectomy 151 

was followed by a dorsal contusive spinal impact (150 kilodyne, 1-second dwell time) using an 152 

Infinite Horizon Spinal Cord Impactor (Precision Systems and Instrumentation, LLC, Fairfax 153 

Station, VA). Sham-operated rats received the same surgical treatment without the contusion. 154 

The analgesic buprenorphine hydrochloride (0.02 mg/kg in 0.9% saline 2 ml/kg; Buprenex, 155 

Reckitt Benckiser Healthcare Ltd., Hull, England, UK) and the antibiotic enrofloxacin (0.3 ml in 156 

0.9% saline; Enroflox, Norbrook, Inc., Overland Park, KS) were injected i.p. twice daily for 5 157 

days (buprenorphine) or 10 days (enrofloxacin). Manual bladder evacuations were performed 158 

twice daily until rats recovered neurogenic bladder voiding. Rats had free access to food and 159 

water. All rats included in this study received a score of 0 or 1 for both hind limbs the day after 160 

surgery, as measured on the Basso, Beattie, and Bresnahan (BBB) Locomotor Rating Scale 161 

(Basso et al., 1995). Tissue from SCI or Sham rats was harvested 1 to 3 months post-surgery. 162 

In this study most of the controls were uninjured, naive rats. In our initial experiments, sham-163 

operated rats were also examined and found to show no apparent differences in biochemical 164 

responses to opioids compared to sham-operated rats, similar to previous observations of 165 

relatively little difference in electrophysiological properties between naïve and sham-surgery 166 

control groups (Bedi et al., 2010; Bavencoffe et al., 2016; Odem et al., 2018). Naïve and sham-167 
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surgery controls were therefore pooled into a single Control (Ctrl) group for these experiments 168 

(Fig.1), whereas in the subsequent experiments only a Naïve (Nv) control group was used.  169 

DRG neuron cultures 170 

DRGs were harvested below vertebral level T10. Ganglia were surgically desheathed before 171 

being transferred in high-glucose DMEM culture medium (Sigma-Aldrich, St Louis, MO) 172 

containing trypsin TRL (0.3 mg/ml, Worthington Biochemical Corporation, Lakewood, NJ) and 173 

collagenase D (1.4 mg/ml, Roche Life Science, Penzberg, Germany). After 40 minutes 174 

incubation under constant shaking at 34°C, digested DRG fragments were washed by two 175 

successive centrifugations and triturated with a fire-polished glass Pasteur pipette. For imaging 176 

experiments, cells were further subjected to BSA gradient centrifugation (BSA, 15%) to remove 177 

disrupted cell debris. For high-content imaging, cells were plated on 96 well plates (Greiner Bio-178 

One, Germany) coated with poly-L-ornithine at a density of ~300-500 neurons per well and 179 

incubated overnight DMEM 37°C, 5% CO2 and 95% humidity in absence of growth factors or 180 

supplements. For electrophysiology, cells were plated on 8 mm glass coverslips coated with 181 

poly-L-ornithine (Sigma-Aldrich, St Louis, MO) in DMEM without serum or growth factors, and 182 

incubated overnight at 37°C, 5% CO2 and 95% humidity. 183 

HEK-293 cultures and transfection 184 

HEK-293 cells stably expressing the mu opioid receptor were maintained at 37°C with 5% CO2 185 

in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum and 100 186 

μg/ml Hygromycin B. Cells were seeded at 2.5×105 cells per well in a 6 well plate and 187 

transfected the next day with RAF-CTH or pCDNA3 (10 μg total DNA per well) using 188 

Lipofectamine 2000 (Invitrogen). Medium was replaced 4 hr after transfection. Cells were re-189 

plated 24 hours after transfection into 96 well plates at 1x104 cells per well. Unless indicated, 190 
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cells where serum starved 4 hours prior stimulation. Drug treatments, fixation and staining were 191 

performed 48 hours post-transfection as described for neuronal cultures. 192 

Cell treatments and immunofluorescence staining 193 

Neuronal cultures were treated with the indicated reagents 24 h after plating. All experiments 194 

and incubations were performed at 37°C. Pharmacological treatments were performed using a 195 

modified protocol detailed in (Isensee et al., 2014). Neurons were pretreated with inhibitors for 196 

30 min prior to simultaneous addition of forskolin, extracellular potassium, and/or DAMGO for 5 197 

min. Compounds were added by removing half of the supernatant in the culture well, mixing it 198 

with 10x compound in 96-well-V-bottom plates using automatic multichannel pipettes, prior to 199 

addition back to the same culture well to reach final concentrations of compound. Controls were 200 

treated similarly, mixing the supernatant with vehicle (PBS ± DMSO). For compounds dissolved 201 

in DMSO, the final DMSO concentration in culture medium was ≤ 0.1%. Cells were fixed with 202 

4% paraformaldehyde (10 min at 22oC) and washed twice with PBS. Blocking and 203 

permeabilization of fixed cells were performed in a single step using blocking buffer (1% BSA, 204 

0.075% Triton X-100, 1 hr, RT). Subsequently, the cultures were incubated with primary 205 

antibodies diluted in blocking buffer at 4°C overnight, washed, and incubated with DAPI (1:100) 206 

and secondary Alexa dye-coupled antibodies in blocking buffer (1:1000, 1h, RT). In the case of 207 

IB4 staining (1:1500), incubations were conducted simultaneously or after the secondary 208 

antibody staining in IB4 buffer (PBS + 0.1 mM Ca2+, 0.1 mM Mg2+, 0.1 mM Mn2+, 1h RT) 209 

followed by three final PBS washes (10 min, RT). After the final wash the plates were sealed 210 

and immediately imaged or stored at 4°C until imaging. 211 

Quantitative high-content microscopy  212 

We used a modification of the protocols implemented by (Isensee et al., 2014; Isensee et al., 213 

2017; Isensee et al., 2018). Stained cultures in 96-well plates were scanned using a Cellomics 214 
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CX5 microscope (Thermo scientific). Images of 1104x1104 pixels were acquired with a 10x 215 

objective and analyzed using the Cellomics software package (Thermo scientific). After 216 

background correction, neurons were identified based on PGP 9.5 staining intensity. Object 217 

segmentation was performed using the geometric method. When required, spillover between 218 

channels was compensated in the post-analysis using raw fluorescence data from fluorescence 219 

controls (PGP 9.5 alone; PGP 9.5 + antibody 1; and PGP 9.5 + antibody 2). The slope of best 220 

linear fit was determined by linear regression (Prism, GraphPad) and used to compensate spill-221 

over as described (Roederer, 2002). Results for each condition consist of at least 3 different 222 

replicate experiments performed on different days.  223 

Electrophysiology 224 

Whole-cell patch clamp recordings were performed at ~ 21°C 18-30 hours after dissociation 225 

using an EPC10 USB (HEKA Elektronik, Lambrecht/Pfalz, Germany) amplifier. Patch pipettes 226 

were made of borosilicate glass capillaries (Sutter Instrument Co., Novato, CA) with a horizontal 227 

P-97 puller (Sutter Instrument Co., Novato, CA) and fire-polished with a MF-830 microforge 228 

(Narishige, Tokyo, Japan) to a final pipette resistance of 3-8 MΩ when filled with an intracellular 229 

solution composed as follows (in mM): 134 KCl, 1.6 MgCl2, 13.2 NaCl, 3 EGTA, 9 HEPES, 4 230 

Mg-ATP, and 0.3 Na-GTP, adjusted to pH 7.2 with KOH and 300 mOsM with sucrose. Isolated 231 

neurons with a soma diameter ≤ 30 μM were observed at 20x magnification on IX-71 (Olympus, 232 

Tokyo, Japan) inverted microscope and recorded in a bath solution containing (in mM): 140 233 

NaCl, 3 KCl, 1.8 CaCl2, 2 MgCl2, 10 HEPES, and 10 glucose, which was adjusted to pH 7.4 with 234 

NaOH and 320 mOsM with sucrose. After obtaining a tight seal (>3 GΩ), the plasma membrane 235 

was ruptured to achieve whole-cell configuration under voltage clamp at -60 mV. All subsequent 236 

recording was under current clamp using Patchmaster v2x90.1 (HEKA Elektronik, Lambrecht / 237 

Pfalz, Germany). Depolarizing spontaneous fluctuations of membrane potential (DSFs) were 238 

measured with a custom automated program (SFA_pub.py). Procedures for measurements of 239 
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DSFs (minimum cutoffs, 1.5 mV amplitude, 10 ms duration), spontaneous activity (SA) at resting 240 

membrane potential (RMP), ongoing activity at a holding potential of -45 mV (OA), action 241 

potential (AP) voltage threshold, and rheobase at a holding potential of -60 mV are described by 242 

Odem et al. (2018). To permit direct comparison with our previous publications and many 243 

others, the liquid junction potential (calculated to be ~4.3 mV using pClamp software and the 244 

algorithm developed by (Barry, 1994)) was not corrected. This means that actual membrane 245 

potentials were ~4 mV more negative than the values reported in this article. 246 

Data analysis  247 

One- and two-dimensional probability density plots were generated using FlowJo (Becton 248 

Dickinson, Ashland, OR). Gating of subpopulations was performed by setting thresholds at local 249 

minima of probability density plots. Individual cells used to perform the cluster analysis were 250 

normalized between the minimal (0.001%) and maximal (0.999%) fluorescence levels per 251 

channel, per experiment. Cluster analysis (k-medians) was performed using software Cluster 252 

3.0 (de Hoon et al., 2004). Three-dimensional (3D) plots were constructed using Plotly (Chart 253 

Studio, Waltham, MA). Data analysis and graph plots were performed using Prism (v7.03 and 254 

V8.0) (GraphPad Software, Inc, La Jolla, CA). 255 

Statistics 256 

HCM: Data averaged across all neurons of a given type from a single animal represent a single 257 

data point (n=1). For cultured cell lines, every plate from independent cultures is considered 258 

n=1. Repetition of the same treatment within an experiment from a single animal or plate 259 

provides internal replicates and the average is reported with n=1. At least 3 independent 260 

experiments from different animals, performed on separate dates (n=3) are reported for every 261 

data set. HCM data are presented as mean ± SEM or box-whisker plots indicating the full data 262 

range, quartiles, median and mean. All data sets were tested for normality with the Shapiro-Wilk 263 
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test. Outliers to be excluded form analysis were identified using the ESD method (p<0.05).  264 

Normally distributed data were tested with parametric tests: t-test, 1-way or 2-way ANOVA 265 

followed by Tukey’s test, Dunnett's multiple comparisons test or Sidak's multiple comparisons 266 

test for each pair-wise comparison. Statistical significance was set at P < 0.05 (*) and all 267 

reported values are two-tailed. In the case of non-normally distributed data (Figure 1D), data 268 

were compared using the Mann Whitney test. Statistical analysis and fits of dose-response 269 

curves were performed using Prism v8.01 (GraphPad Software, Inc, La Jolla, CA).  270 

Electrophysiology: All data are presented as mean ± SEM, except where noted for 271 

electrophysiological measurements of OA (presented as incidence (%) of neurons sampled). All 272 

data sets were tested for normality with the Shapiro-Wilk test. Normally distributed data were 273 

tested with parametric tests 1-way ANOVA or Brown-Forsythe and Welch ANOVA tests followed 274 

respectively by Holm-Sidak’s or Dunnett’s multiple comparisons tests for each pair-wise 275 

comparison using Prism v8 (GraphPad Software, Inc, La Jolla, CA). Non-normally distributed 276 

sets of data were tested with Kruskal-Wallis test followed by Dunn’s multiple comparison test. 277 

Comparisons of incidence were made using Fisher’s exact test with Bonferroni corrections for 278 

multiple comparisons. Statistical significance was set at p< 0.05 (*) and all reported values are 279 

two-tailed. Details of all statistical analysis can be found in Table 1.  280 
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Results 281 

SCI reduces the opioid sensitivity of IB4+ nociceptors. Previous biochemical data show a 282 

decreased sensitivity to Gαi-mediated inhibition of AC activity in DRG membranes after SCI 283 

(Bavencoffe et al., 2016). The reduced sensitivity was receptor-independent, as AC activity was 284 

tested with exogenously added purified GTPγS-activated G proteins. To test if this extends to 285 

regulation by opioids of the intact cell bodies of DRG neurons, DRG neurons were cultured 286 

overnight after isolation from SCI and control rats 1 to 3 months after injury. Production of cAMP 287 

was induced by forskolin (Fsk 3 μM, 5 min), while opioid responses were simultaneously 288 

stimulated by the highly selective mu opioid receptor (MOR) agonist DAMGO. Using 289 

phosphorylation of the RII regulatory subunit of PKA (PKA-pRII, Fig. 1A) as a surrogate 290 

measure of cAMP responses (detailed in (Isensee et al., 2018)), DAMGO effects were 291 

calculated as the inhibition of forskolin-induced phosphorylation of PKA-RII. Extending our 292 

previous observations on isolated DRG membranes using activated Gαi proteins (Bavencoffe et 293 

al., 2016), DAMGO effects on cAMP production were reduced in cultured neurons from SCI rats 294 

(Fig. 1B, p<0.05), yielding a 3-6 fold increase in the IC50 for DAMGO in the SCI group compared 295 

to the pooled (naïve and sham-operated) Control (Ctrl) group (Fig. 1C, D: IC50, Ctrl = 296 

0.053±0.0063, SCI = 0.21±0.047, Mann Whitney test, p=2x10-5). No significant differences were 297 

found between the Naïve and Sham groups (not shown).  298 

Because DRG neurons constitute a highly heterogeneous population with discrete 299 

neuronal types associated with specific markers and functional specializations, we proceeded to 300 

analyze SCI vs. Naive responses to DAMGO in distinct neuronal subgroups in culture. To this 301 

end, we used a combination of high content microscopy data and K-means cluster analysis to 302 

separate DRG neurons into different subpopulations based on size (cell body area), CGRP 303 

expression (characteristic of peptidergic nociceptors) and isolectin B4 binding (IB4, a marker of 304 

non-peptidergic nociceptors). These three parameters were combined in a 3D space plot where 305 



 

14 
 

every neuron was represented by coordinates for its area, CGRP expression, and degree of IB4 306 

binding (Fig. 2A). The phosphorylation of PKA-pRII was then mapped onto these 3D 307 

coordinates to reveal differences in cAMP signaling for each cluster (Fig. 2B). DRG neurons 308 

cultured from both naive and SCI rats could be differentiated into 7 distinct clusters (Fig. 2A, C), 309 

with no significant differences in cluster sizes between SCI and Naive groups (Fig. 2D). As 310 

expected, cAMP/PKA-pRII responses to forskolin were observed in all 7 neuronal clusters, with 311 

particular prominence in the IB4+/CGRP- subgroups (Fig. 2E). Significant DAMGO inhibition of 312 

forskolin responses was present in medium-sized and small neurons in IB4+ and CGRP+ 313 

neurons from naive animals, confirming previous reports of MOR mRNA expression in both 314 

small IB4+ and IB4- DRG neurons (Wang et al., 2010). While no significant differences in 315 

maximal forskolin responses were observed between SCI and Naive groups, DAMGO effects 316 

were specifically impaired in IB4+/CGRP- neurons (IB4) from SCI animals (Fig. 2E), with a ~50% 317 

reduction in the overall DAMGO effect compared to IB4+ neurons from naive animals (54% 318 

versus 27% inhibition, p=0.014, unpaired t test). Within the IB4+/CGRP+ group (IB-CG), we also 319 

observed a trend towards reduced DAMGO responses after SCI (p=0.053, unpaired t test). 320 

Acute depolarization reduces the opioid sensitivity of IB4+ nociceptors. We have 321 

previously shown that capsaicin-sensitive and IB4+ DRG neurons (probable nociceptors) 322 

dissociated from SCI animals show multiple hyperexcitable alterations, including depolarized 323 

RMP, reduced thresholds for generating action potentials, and an increased occurrence of 324 

spontaneous activity (SA) – which normally is quite rare in primary nociceptors (Bedi et al., 325 

2010; Odem et al., 2018). Electrical activity in nociceptors can be promoted by the activation of 326 

multiple downstream signaling cascades (Salzer et al., 2019). An interesting general question is 327 

whether some of these cascades can also be activated recurrently by the ongoing 328 

depolarization of RMP that usually occurs in hyperactive nociceptors (Bavencoffe et al., 2016; 329 

Odem et al., 2017; Berkey et al., 2020). Specifically, we asked whether 5-min depolarization of 330 
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RMP in nociceptors isolated from naive rats, produced by increasing extracellular K+ 331 

concentration ([K+]e), is sufficient to decrease neuronal sensitivity to DAMGO. RMP measured at 332 

several [K+]e (Fig. 3A) was associated with changes in ERK and PKA responses in the general 333 

DRG neuronal population (Fig. 3B, C). Interestingly, neurons in the SCI group exhibited a 334 

significantly more depolarized RMP compared to the Naive group at normal (3 mM) and 335 

modestly elevated (10 mM) extracellular K+ concentrations (Fig. 3A), but the RMPs converged 336 

at higher [K+]e. In agreement with previous findings in PC12 cells and primary cortical neurons 337 

(Rosen et al., 1994), increasing [K+]e activated ERK by phosphorylation in both Naive and SCI 338 

groups. Significant ERK activation was found at RMPs at or more depolarized than -45 mV (15 339 

mM [K+]e), suggesting a threshold for ERK activation near -45 mV in the Naive and SCI groups, 340 

with an additional enhancement of ERK activation by SCI above this threshold (Fig. 3B; 341 

p=0.0022, 2-way ANOVA). The depolarization-enhanced phosphorylation of ERK occurred at 342 

much lower [K+]e (13 to 15 mM, resulting in RMPs  of approximately -50 to -40 mV) than those 343 

used in studies of other cell types (e.g. 50-100 mM [K+]e, producing RMPs of -10 to 0 mV 344 

(Rosen et al., 1994; Baldassa et al., 2003)). PKA was also activated by depolarization, but 345 

without any difference between Naive and SCI groups (Fig. 3C). Depolarization from RMP 346 

(usually between -65 and -55 mV) to -45 mV is modest relative to normal action potential (AP) 347 

threshold (~-35 mV) in nociceptors from naïve rats, and it rarely evokes action potentials in 348 

these neurons (Odem et al., 2018). Importantly, after SCI, -45 mV is a sufficiently depolarized 349 

RMP for large depolarizing spontaneous fluctuations (DSFs) to reach the reduced AP threshold 350 

and generate spontaneous activity (SA) (Odem et al., 2018). Using IB4 binding to distinguish 351 

between neuronal subgroups, our results show that the increased ERK activation by modest 352 

depolarization after SCI is specific to IB4+ neurons (p=0.047, 2-way ANOVA), with no significant 353 

difference between Naive and SCI groups for IB4- neurons (Fig. 3D).  354 
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Depolarization-induced reduction of opioid sensitivity requires signaling by C-Raf. To 355 

demonstrate the predicted link between depolarized RMP in nociceptors produced by SCI and 356 

reductions in opioid sensitivity and associated ERK signaling, we tested the influence of RMP 357 

on opioid sensitivity. Neurons from the uninjured Naive group were exposed to 15 mM [K+]e 358 

alone or concurrently with the 5-min Fsk or Fsk + DAMGO stimulation (Fig. 3E). RMP 359 

depolarized from approximately -65 mV to about -45 mV during the stimulation (Fig. 3A) – 360 

reaching the optimal range of RMP for generation of large DSFs and sustained ongoing activity 361 

after SCI (Odem et al., 2018). This modest depolarization gave rise to a small, ~20%, increase 362 

in basal cAMP/PKA-pRII responses, consistent with the low expression of AC1/8 in DRGs 363 

(Bavencoffe et al., 2016; Dessauer et al., 2017). Overall forskolin responses were unchanged 364 

by SCI (Fig. 1B) or by 15 mM [K+]e in the Naive group. Under these conditions, depolarization 365 

had a striking effect on DAMGO sensitivity, dramatically decreasing DAMGO inhibition of 366 

forskolin responses compared to 5 mM [K+]e  control (Fig. 3E, p=0.0015, 2-way ANOVA); 367 

resulting in a 1.5-fold increased IC50 and ~50% decreased efficacy (Emax) for DAMGO compared 368 

to 5 mM [K+]e control (Fig. 3F; p=4x10-29, 2-way ANOVA; quantitated further in Fig 4C, D). 369 

Depolarization also decreased overall inhibition of forskolin responses by morphine, a non-370 

peptidic MOR agonist, compared to control (Fig 3G; p=0.0009, 2-way ANOVA), resulting in a 7-371 

fold increase in the IC50 (Fig. 3G). The reduced DAMGO efficacy is likely at the level of MOR, as 372 

the reduction in Emax is not observed with the partial agonist morphine (Fig. 3F, G), and is similar 373 

to the voltage-dependent reduction in efficacy observed with other GPCRs (Vickery et al., 374 

2016). Moreover, regulation of MOR by voltage was recently reported (Ruland et al., 2020). 375 

The rapid onset of [K+]e-induced effects (within 5 min) indicates that under these testing 376 

conditions the observed effects are independent of transcription and/or translation, and point 377 

towards direct signaling events triggered by depolarization. To determine which signaling 378 

pathways are required for the depolarization-induced shift in DAMGO responses, DRG neurons 379 
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were pretreated with inhibitors of Src, PKC, PKA, Raf and MEK for 30 min to test for their ability 380 

to block reductions in DAMGO responses by 15 mM [K+]e. Selective C-Raf (GW5074) and pan-381 

Raf (RAF709) inhibitors blocked the effects of 5-minute depolarization when tested with 0.1 μM 382 

DAMGO (Fig. 4A, p=0.0082, 1-way ANOVA).  Interestingly, the C-Raf inhibition (3 μM, 30 min) 383 

appeared to reverse the increase in DAMGO IC50 induced by 15 mM [K+]e (Fig, 4B, C: Ctrl vs 384 

K+15(-): p=0.013; K+15(-) vs K+15(GW): p=0.034, 1-way ANOVA), but not the alteration in 385 

DAMGO Emax (Fig. 4B, D: Ctrl vs K+15(-): p=3x10-8, 1-way ANOVA). In contrast, under control 386 

conditions (5 mM [K+]e), GW5074 pretreatment had no effects on DAMGO sensitivity (Fig 4B, 387 

dotted line). The lack of effects by inhibitors of MEK or PKC (UO126 and sotrastaurin, 388 

respectively), suggest that signaling previously reported to modulate MOR responses via 389 

receptor desensitization (ERK, (Polakiewicz et al., 1998)) or phosphorylation of Gαi2 (PKC, 390 

(Strassheim and Malbon, 1994)) are not required for depolarization-induced reductions in 391 

DAMGO sensitivity.  392 

Raf activation is complex and involves several mechanisms, including but not limited to 393 

Ras-mediated recruitment of Raf to the cell membrane followed by multiple phosphorylations via 394 

different protein kinases that enhance C-Raf catalytic activity (S338 among the best studied; 395 

reviewed in (Leicht et al., 2007)). In addition, C-Raf signaling requires relief of inhibition by RKIP 396 

via the phosphorylation of RKIP-S153 (Fig. 5A; (Corbit et al., 2003)). To examine which of these 397 

mechanisms are triggered by depolarization of nociceptors, we examined the effect of [K+]e–398 

induced depolarization (5 min) on RKIP-S153 and C-Raf-S338 phosphorylation in the total DRG 399 

neuronal population (Fig. 5B). Depolarization triggered a rapid, dose-dependent increase in C-400 

Raf and RKIP phosphorylation, rising steeply as a function of [K+]e with an EC50 of 14.72 ± 0.40 401 

mM for pC-Raf and 13.11± 0.41 mM for pRKIP (corresponding to a RMP of approximately -46 402 

mV and -48 mV for pC-Raf and pRKIP, respectively). As observed for pERK, [K+]e 15 mM 403 

induced significantly higher phosphorylation of C-Raf in the SCI group (Fig 5C, p=0.038, 404 
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unpaired t test).  Depolarization-induced phosphorylation of C-Raf and RKIP occurred in several 405 

types of DRG neurons, with the highest increases detected in the small soma size, IB4+ group 406 

(Fig. 5D and E, Fig 5F lower left quadrant of the 3D cluster maps; Fig. 5G). C-Raf directly 407 

phosphorylates and regulates Gαi-sensitive AC isoforms (Tan et al., 2001; Ding et al., 2004). 408 

Therefore, to demonstrate that C-Raf activation is sufficient to decrease DAMGO sensitivity, we 409 

expressed a membrane-targeted active C-Raf construct in HEK293 cells stably expressing the 410 

MOR (Fig. 6). Transient expression of plasma membrane targeted C-Raf gave rise to a 2.2-fold 411 

shift in the IC50 for DAMGO (Fig. 6B, p=0.0028, 1-way ANOVA) with no alterations in the Emax 412 

(Fig. 6A, C). Serum treatment had similar effects, producing a 2.8-fold shift in the DAMGO IC50 413 

(p=0.016, 1-way ANOVA) that was reversed by the C-Raf inhibitor GW5074 (p=0.026, 1-way 414 

ANOVA). Interestingly, while treatment of non-excitable HEK293 cells with 15 and 50 mM [K+]e 415 

did not alter the IC50 of DAMGO or induce activation of C-Raf (Fig. 6B and data not shown), 416 

[K+]e dose-dependently reduced the Emax of DAMGO (10% and 47% reduction in Emax, 417 

respectively; p=4x10-4 and p< 0.0001, 1-way ANOVA) (Fig. 6C). Thus treatment with [K+]e 418 

requires C-Raf activation to alter DAMGO potency, while the effects of depolarization on 419 

DAMGO Emax may indeed indicate a voltage-sensitive mechanism acting directly on the mu-420 

opioid receptor (Vickery et al., 2016; Ruland et al., 2020). 421 

 422 

Reduction of opioid sensitivity and production of hyperexcitability by SCI are reversed 423 

by treatments that inhibit C-Raf signaling or hyperpolarize RMP. We next tested whether 424 

inhibition of C-Raf or reversing the SCI-mediated depolarization of nociceptors is sufficient to 425 

restore DAMGO responses after SCI. Inhibition of C-Raf with the selective C-Raf inhibitor, 426 

GW5074 restored the IC50 of DAMGO in nociceptors from SCI rats to that found in the Naive 427 

group (Fig. 7A). A clinically relevant approach to reversing depolarization is to open K+ channels 428 

pharmacologically. KCNQ (M-type) channels contribute ~9 mV to the RMP of capsaicin-429 
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sensitive nociceptors, and application of the KCNQ channel opener, retigabine (10 μM) is 430 

reported to produce an additional 10 mV hyperpolarization of RMP (Du et al., 2014). Moreover, 431 

10 μM retigabine was shown to hyperpolarize small DRG neurons isolated from SCI rats (Wu et 432 

al., 2017). We found that this dose of retigabine restored the IC50 of DAMGO for the SCI group 433 

to a value close to that of the Naive group (Fig. 7A, B and 1D; IC50, Naive = 0.053±0.006 and 434 

retigabine = 0.023±0.009). Hyperexcitability of nociceptors induced by SCI is manifested not 435 

only as depolarized RMP, but also as spontaneous activity (SA) at RMP in vivo and in vitro 436 

(Bedi et al., 2010) and enhanced ongoing activity (OA) revealed during prolonged experimental 437 

depolarization to -45 mV (Odem et al., 2018). Pre-treatment of neurons from SCI rats with 438 

inhibitors of C-Raf (GW5074) or MEK (UO126) blocked SA and OA and led to a 439 

hyperpolarization of RMP (Fig. 7C-E; Control = -53 ± 2 mV, GW5074= -62 ± 2 mV, UO126 = -62 440 

± 3 mV), whereas pre-treatment of DRG neurons from naive rats with UO126 had no effect on 441 

SA, OA, or RMP (data not shown; RMP Control = -66 ± 2 mV, n=14; UO126 = -65 ± 2 mV, n=9; 442 

GW5074 = -60 ± 3 mV, n=8; Kruskal-Wallis with Dunn's multiple comparison, p=0.14). Inhibition 443 

of C-Raf and MEK also reduced another functional contribution to SCI-induced hyperactivity in 444 

nociceptors - the enhancement of depolarizing spontaneous fluctuations of membrane potential 445 

(DSFs) that bridge the gap between RMP and AP voltage threshold to trigger APs (Odem et al., 446 

2017). The mean amplitude of DSFs (subthreshold and suprathreshold) was significantly 447 

reduced when treated with GW5074 or UO126 and assayed at a holding potential of -45 mV 448 

(Fig. 7F), as was the amplitude of the subthreshold DSFs alone (p=0.015 for GW5074, p=0.013 449 

for UO126, Kruskal-Wallis with Dunn's multiple comparison, data not shown). DSF amplitudes 450 

were not significantly reduced when measured at RMP, at least in part because DSFs are 451 

voltage-dependent (Odem et al., 2018) and RMPs are quite variable (Fig. 7E). When tested on 452 

nociceptors from SCI, only UO126 increased the rheobase (data not shown in figure: vehicle = 453 

35 ± 7 pA; GW5074 = 57 ± 16 pA, n.s.; UO126 = 83 ± 14 pA, p=0.006, Kruskal-Wallis with 454 

Dunn's multiple comparison), while neither drug had a significant effect on AP threshold (data 455 
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not shown, Brown-Forsythe and Welsh Tests). C-Raf/ERK and cAMP pathways are thus both 456 

required to maintain the increased excitability after SCI (Fig. 7D-F; Bavencoffe et al 2016; 457 

Berkey et al 2019). C-Raf activation of its canonical downstream target, MEK, produces an 458 

ERK-dependent positive feedback loop that helps to maintain increased spontaneous activity 459 

and depolarized RMP chronically after SCI. In addition, C-Raf effects on AC (independent of 460 

MEK-ERK activation) promote cAMP signaling by decreasing its inhibition from opioid/Gαi 461 

signaling (Fig. 8). Note that when depolarization is produced by elevating extracellular K+ (i.e. 462 

without the need for any cell signaling input), inhibition of ERK has no direct effect on opioid 463 

responsiveness. This finding suggests that the activation of C-Raf by SCI-induced 464 

depolarization of RMP (and perhaps other manifestations of hyperexcitability) triggers two 465 

independent signaling pathways acting in parallel to maintain the nociceptor hyperexcitable 466 

state (Fig. 8).   467 
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Discussion 468 

Previously, we showed that SCI causes a profound reduction of Gαi-mediated inhibition of AC 469 

activity independent of endogenous receptors or G proteins, as revealed by comparing purified 470 

G protein-stimulated DRG membranes from naive and SCI rats (Bavencoffe et al., 2016). The 471 

present study shows that in vitro SCI-induced reduction of Gαi inhibition I) also occurs in intact 472 

cell bodies of DRG neurons in dissociated cell culture, II) is most prominent in IB4+ nociceptors, 473 

III) is produced unexpectedly by modest depolarization of RMP, and IV) requires signaling 474 

through C-Raf. Moreover, while ERK activity is not required for effects on opioid insensitivity, 475 

ERK is necessary for SCI-induced nociceptor hyperexcitability. These findings provide new 476 

insight into the signaling within primary nociceptors that reduces sensitivity to endogenous and 477 

therapeutic opioids, and that may promote ongoing pain through multiple mechanisms, including 478 

a previously unappreciated signaling role for RMP. 479 

Depolarization-induced effects on MAPK and cAMP signaling. Depolarization of RMP 480 

(typically produced experimentally by elevating [K+]e) has long been known to stimulate cellular 481 

signaling, including signaling by mitogen-activated protein kinase (MAPK) cascades (Rosen et 482 

al., 1994).  Depolarization-induced signaling is often assumed to be mediated by increases in 483 

cytoplasmic Ca2+ due to activation of voltage-gated Ca2+ channels, although other voltage-484 

sensitive, Ca2+-independent mechanisms can contribute to ERK activity (reviewed in 485 

(McLaughlin and Levin, 2018)). In rat DRG neurons, depolarization by 15 mM [K+]e induced a 486 

rapid and robust activation of ERK and phosphorylation of its upstream regulators, RKIP and C-487 

Raf. Observed predominantly in IB4+ neurons, these responses occurred at physiological RMPs 488 

that normally are subthreshold for evoking action potentials (-50 to -40 mV). The ERK 489 

responses to depolarization were further enhanced by SCI. Importantly, -45 mV is within the 490 

RMP range where, after SCI, large DSFs can reach AP threshold to generate sustained 491 

spontaneous and ongoing activity (Odem et al., 2018; Berkey et al., 2020). Note that the actual 492 
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MP should be approximately 4 mV more negative than the values presented because our 493 

measurements were not corrected for the liquid junction potential (see Methods). 494 

 Depolarization of RMP also induced a ~20% increase in basal cAMP/PKA signaling, 495 

similar to increases in cortical neurons that generate substantial cross-talk with the MAPK 496 

pathway (Baldassa et al., 2003). However, neither depolarization nor SCI altered forskolin-497 

stimulated AC activity in DRG neurons. Forksolin induced a robust cAMP response that was 498 

inhibited by the mu-opioid receptor agonist DAMGO in CGRP+ and IB4+ DRG neurons from 499 

naïve rats. Modest depolarization of naïve DRG neurons significantly blunted DAMGO inhibition 500 

of cAMP responses in terms of both the IC50 and efficacy (Emax) of DAMGO, by independent 501 

mechanisms. Reduction of DAMGO IC50 by depolarization was similar to that by SCI, both 502 

requiring C-Raf activity. In contrast, depolarization effects on opioid efficacy were C-Raf 503 

independent, agonist specific (morphine vs. DAMGO), and were observed in neurons and HEK 504 

cells, suggesting a receptor-mediated mechanism. Voltage can modulate the efficacy of MOR 505 

coupling to G proteins and β-arrestin in an agonist-specific manner (Ruland et al., 2020). Altered 506 

balance of voltage-regulated G-protein/β-arrestin activation may explain our Emax effects at high 507 

DAMGO concentrations.  508 

Molecular model for depolarization-dependent regulation of AC activity and ERK activity 509 

that drives nociceptor hyperexcitability and opioid insensitivity after SCI. The findings 510 

discussed above suggest a model (Fig. 8) in which persistent depolarization of RMP after SCI 511 

continuously activates the Ras/C-Raf/MEK/ERK cascade, at least in part via enhanced C-Raf 512 

phosphorylation and relief of C-Raf inhibition by RKIP. While maintenance of hyperexcitability 513 

requires concurrent ERK activation and cAMP signaling in nociceptors after SCI, activation of C-514 

Raf is sufficient to reduce AC inhibition by opioids independent of either ERK or PKA activity. 515 

Based on our biochemical evidence from DRG membranes (Bavencoffe et al., 2016), this model 516 

assumes that chronic reduction in Gαi-mediated inhibition of AC induced by SCI is due to a 517 
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modification of AC or a closely associated protein that regulates AC. C-Raf directly 518 

phosphorylates AC5/6, but not AC1, on multiple serine residues (Ding et al., 2004) and co-519 

immunoprecipitates with AC6 (Ding et al., 2004; Beazely et al., 2005). Moreover, C-Raf 520 

phosphorylation of AC6 in HEK293 cells leads to a 50% and 2-fold increase in basal and 521 

forskolin-stimulated AC6 activity, respectively. However, regulation by Gαi was never tested. We 522 

show that overexpression of activated C-Raf in HEK293 cells resulted in reduced DAMGO 523 

sensitivity, but the effect was not as strong as that observed in DRG neurons. The MOR recruits 524 

C-Raf via the scaffold Hint1 and facilitates phosphorylation of AC5/6 (Rodriguez-Munoz et al., 525 

2011; Zhang et al., 2013). Therefore, scaffolding and/or accessory proteins in DRG neurons 526 

may facilitate C-Raf regulation of AC. Alternatively, AC isoforms expressed in DRGs versus 527 

HEK293 cells may be more sensitive to C-Raf regulation. Importantly, none of our inhibitor or 528 

overexpression studies supports a role for increased MOR desensitization or internalization 529 

after SCI or depolarization in C-Raf-mediated effects. Depolarization increases delta OR 530 

insertion into the membrane, but has no reported effect on MOR internalization (reviewed by 531 

(Zhang et al., 2015)). Furthermore, peripheral MOR are upregulated, not downregulated, after 532 

contusive thoracic SCI in mice (Liu et al., 2019).  533 

 Regulation of AC by C-Raf plays a key role in models of superactivation of AC 534 

precipitated by removal of agonist after sustained treatment with morphine or agonists of other 535 

Gi-coupled receptors. Inhibition of C-Raf attenuates superactivation of AC that occurs after long-536 

term opioid exposure (Varga et al., 2002). Additionally, inhibition or knockdown of C-Raf blunts 537 

the development of thermal hyperalgesia, mechanical allodynia and antinociceptive tolerance 538 

induced by sustained morphine treatment (Tumati et al., 2008). Although superactivation, like 539 

SCI and depolarization, involves C-Raf, the similarities end there. Unlike superactivation, neither 540 

depolarization nor SCI enhanced forskolin-stimulated cAMP production. Additionally, 541 

depolarization-mediated reduction in DAMGO sensitivity occurred within 5 minutes, rather than 542 
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the 2-12 hours required for sustained morphine-induced superactivation (Varga et al., 2002). 543 

Moreover, superactivation models depend on Src activation of C-Raf (Zhang et al., 2013), 544 

whereas we found no effect of Src inhibition on depolarization-induced reductions of DAMGO 545 

potency. These differences suggest that the mechanism by which superactivation versus SCI or 546 

depolarization engage C-Raf for regulation of AC is distinct and context-dependent. 547 

Functional implications of depolarization-dependent C-Raf-ERK and C-Raf-AC signaling 548 

in nociceptors. In many experimental models of persistent pain, a continuing depolarization of 549 

nociceptor RMP remains after excision of the ganglion or dissociation of the neurons. These 550 

include nociceptors investigated not only in rodent SCI models (Odem et al., 2018; Berkey et al., 551 

2020), but also in peripheral axotomy models in rats (e.g., (Sapunar et al., 2005)) and Aplysia 552 

(Ungless et al., 2002), and other rodent pain models, such as peripheral inflammation (Qu et al., 553 

2014), chemotherapy (Li et al., 2017), bone cancer (Zheng et al., 2012), and chronic 554 

compression of the DRG (Song et al., 2006). Nociceptor hyperexcitability manifested as 555 

enhanced repetitive firing (including spontaneous activity), reduced AP threshold, and/or 556 

depolarized RMP has been linked to cAMP signaling through PKA, EPAC, or HCN channels in 557 

several of these models ((Aley and Levine, 1999; Bavencoffe et al., 2016; Djouhri et al., 2018; 558 

Berkey et al., 2020); reviewed by (Li et al., 2019)). In addition, ERK signaling enhances 559 

nociceptor function in various pain-related models (e.g. (Obata et al., 2003; Ji et al., 2009; 560 

Ferrari et al., 2014; Li et al., 2015; Mihail et al., 2019)). Little is known about how ERK increases 561 

nociceptor excitability, although evidence suggests that ERK can directly phosphorylate sodium 562 

channel Nav1.7, allowing it to open at more hyperpolarized membrane potentials and perhaps 563 

contribute to a more depolarized RMP (Stamboulian et al., 2010).  The present study shows that 564 

substantial enhancement of the basal activity of AC and ERK activity is produced by modest 565 

depolarization of RMP – into the RMP range that occurs naturally in hyperactive nociceptors 566 

during persistent pain states. This discovery has important implications. First, it indicates that 567 
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depolarization of RMP in these states increases the ongoing activity of nociceptors not only by 568 

bringing membrane potential closer to AP threshold, but also by increasing the activity of major 569 

cell signaling pathways that themselves promote hyperexcitability. Second, the positive 570 

feedback between the basal activity of AC and ERK signaling pathways on the one hand and 571 

RMP on the other should by itself contribute to the persistence of pain driven by ongoing activity 572 

in nociceptors. This positive feedback loop may reinforce persistent hyperexcitable effects 573 

mediated by the transcriptional and translational consequences of signaling by AC and ERK 574 

(e.g., (Obata et al., 2003; Ferrari et al., 2015)). Moreover, the C-Raf-mediated reduction in 575 

sensitivity of AC to Gαi in depolarized nociceptors should further enhance nociceptor activity by 576 

reducing suppressive effects of endogenous opioids. Thus, depolarization-dependent C-Raf-577 

ERK and C-Raf-AC signaling should promote nociceptor hyperactivity by multiple, self-578 

reinforcing mechanisms, some of which may reduce the efficacy of clinically applied opioids and 579 

cannabinoids. These findings raise important questions about how C-Raf-dependent, MOR-580 

sensitive, nociceptor hyperactivity may contribute to spontaneous pain (Yang et al., 2014), as 581 

well as to evoked pain (Sun et al., 2019) and MOR-dependent pathophysiology such as 582 

hyperalgesia, Type II hyperalgesic priming, and opioid tolerance (Araldi et al., 2017; Corder et 583 

al., 2017; Araldi et al., 2019).   584 

  585 
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Figure Legends 767 

Fig. 1. SCI reduces the effect of MOR agonist DAMGO on cAMP signaling. A, 768 

Phosphorylation of PKA-RII (S99) is used as a surrogate measurement of cAMP production in 769 

response to forskolin (Fsk) activation of AC and inhibition by the Gαi/o-coupled Mu opioid 770 

receptor (MOR) agonist, DAMGO. B, DAMGO inhibition of Fsk responses in Control group (Ctrl, 771 

white boxes, pooled Naïve and Sham groups) and SCI group (Fsk 3 μM, DAMGO 0.3 μM, 5 772 

min). PKA-pRII levels are normalized to the baseline of the unstimulated condition in each case. 773 

Ctrl n= 9, SCI n=7, compared via 2-way ANOVA, followed by Sidak’s multiple comparisons test; 774 

significant p values are indicated on the graph. The box-whisker plot indicates the median, 775 

mean (+), quartiles, and range (min-max) of the data. C, Dose-response curves for DAMGO 776 

inhibition of Fsk responses (Fsk 3 μM) in Control group (black line) and SCI (red) DRG cultures. 777 

PKA-pRII data was normalized to the Fsk response in absence of DAMGO after baseline (BL) 778 

subtraction [YNorm= (Y-BL)/(FskMax-BL)]. IC50: Ctrl= 0.047 μM (n=17-22), SCI=0.15 μM (n=15-17), 779 

difference between groups tested by 2-way ANOVA, followed by Sidak’s test. *p<0.05, **p<0.01, 780 

***p<0.001, ****p<0.0001. Data are presented as mean±SEM. D, IC50 values from individual 781 

DAMGO dose-response curves between Control and SCI cultures; p=2x10-5, Mann Whitney 782 

test, Ctrl n=20, SCI n=16. In the control column, IC50 values from Sham controls are denoted by 783 

blue empty circles, while naïve controls are represented by black circles. The box-whisker plot 784 

indicates the median, mean (+), quartiles, and range (min-max) of the data. Detailed statistical 785 

information provided in table 1.  786 

Fig. 2. Cluster analysis of DRG neurons. A, 3D representation of DRG neurons in culture 787 

(7,638 neurons) using Area (X), CGRP (Y) and IB4 (Z) values as spatial coordinates. Different 788 

colors represent the 7 different clusters identified K-medians cluster analysis and plotted based 789 

on X,Y,Z coordinates. Neurons from 2 different IB4+ clusters are represented as a single group. 790 

B, Representative experiment showing the neuronal subgroup specificity of PKA-pRII responses 791 
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to Fsk in cultured neurons from a naive animal. Dot color saturation is proportional to the 792 

intensity of PKA-pRII fluorescent values, with darker colors indicating stronger PKA-pRII signals 793 

(n>2,000 neurons per condition) C, Representative examples of DRG neurons arranged 794 

according to the identified clusters in A. GGRP (white), IB4 (red), and soma size (indicated by 795 

green outline of cell membrane based on PGP9.5). Clusters include N (neurons negative for IB4 796 

and CGRP, with small soma size), CGRP, IB-CG (weak staining for both IB4 and CGRP), IB4, L 797 

and XL (large and extra-large soma size). Scale bar = 25 μm. D, Relative mean cluster size in 798 

the total neuronal population for naive and SCI cultures. Colors correspond to clusters in panel 799 

A and C; light and dark green represent weak and strong IB4 staining clusters, respectively. No 800 

significant differences in relative cluster size were found between naive and SCI groups. 801 

(p>0.99, n=3 per group, 2-way ANOVA, followed by Sidak’s test). E-F, Fsk responses and 802 

DAMGO effects in specific neuronal clusters for naive (E) and SCI (F) cultures. n=3 per group, 803 

DAMGO effects per cluster tested via paired t test. The % DAMGO inhibition over the control 804 

Fsk response is indicated for each group. # (red) denotes significance difference in DAMGO 805 

effects comparing IB-CG and IB4+ clusters from naïve (E) and SCI (F) n=3, unpaired t test. 806 

Detailed statistical information provided in table 1. 807 

Fig. 3. Acute depolarization activates ERK and reduces DAMGO effects on cAMP.  A, 808 

Resting membrane potential (RMP) for Naive (black) and SCI (red) small to medium-sized DRG 809 

neurons was measured upon successive perfusions (30 sec) of increasing extracellular K+ 810 

concentration, [K+]e. RMP at each [K+]e was measured when steady-state was reached. n=11, 811 

*p=0.039, **p=0.0081, 2-way ANOVA with Sidak’s test. B, C, Concentration-response curves for 812 

pERK (B) and PKA-pRII (C) to increased [K+]e. Neurons were exposed to media with indicated 813 

[K+]e for 5 min; B, Naive n=5-7, SCI n=5 per data point, C, Naïve n=5, SCI n=5-7 per data point. 814 

2-way ANOVA followed by Sidak’s test. D, pERK responses to 18 mM [K+]e (5 min) for IB4+ and 815 

IB4- neuronal subpopulations in naive and SCI DRG neurons; Naïve, SCI n=3, p=0.027, 2-way 816 
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ANOVA followed by Sidak’s test. E, K+-induced depolarization decreases DAMGO responses in 817 

naive DRG neurons. Neurons were exposed to either control media (5 mM [K+]e) or 15 mM [K+]e 818 

media during Fsk ± DAMGO (Dm) stimulation (Fsk=3 μM, DAMGO=1 μM, 5 min); n=6, Ctrl 819 

p=0.041, Fsk+DAMGO p=0.0015, 2-way ANOVA, followed by Sidak’s test. The box-whisker plot 820 

indicates the median, mean (+), quartiles, and range (min-max) of the data. F, Dose-response 821 

curves of DAMGO inhibition of Fsk responses in naive DRG neurons under control conditions 822 

(black) or 15 mM [K+]e (blue). IC50 Control=0.051 μM; IC50 K+15=0.075 μM; Control n=9-19, K+15 823 

n=4-12 per data point. Data compared by 2-way ANOVA, followed by Sidak’s test, ****p<0.0001. 824 

G, Dose-response curves of morphine inhibition of Fsk responses in naive DRG neurons with 825 

control or 15 mM [K+]e. Control IC50=0.021 μM, K+15 IC50=0.16 μM; Control n=3-5, K+15 n=4-5 826 

per data point , 2-way ANOVA. Detailed statistical information provided in table 1. 827 

Fig. 4. Inhibition of C-Raf partially restores opioid sensitivity after depolarization. A, 828 

Inhibition of 15 mM [K+]e effects on DAMGO responses. DRG neurons were preincubated with 829 

inhibitors of Src (saracatinib, 10 μM), PKC (sotrastaurin, 1 μM), PKA (H89, 10 μM), C/B-Raf 830 

(RAF709, 10 μM), C-Raf (GW5074, 3 μM) or MEK1/2 (UO126, 10 μM) for 30 min and then 831 

stimulated with Fsk (3 μM) ± DAMGO (0.1 μM) in control media or 15 mM [K+]e (K+15; 5 min). 832 

Effects are reported as inhibition of the control Fsk response (1.0). Drug effects were compared 833 

against the Control-DAMGO inhibition (*) or GDNF-DAMGO inhibition (#) via 1-Way ANOVA, 834 

followed by Dunnett’s test. Significance and n numbers are reported on each bar. *p<0.05; 835 

**p<0.01, ***p<0.001, ****p<0.0001, ## p< 0.01. B, C-Raf inhibition restores DAMGO IC50 in 15 836 

mM [K+]e, but has no effect on DAMGO efficacy (Emax). GW5074 (10 μM) was applied 30 min 837 

before simultaneous addition of K+15 mM, Fsk (3 mM), and DAMGO for 5 min. Per data point, 838 

Control n=10-21, K+15 n=6-22, K+15+GW5074=3-10, Ctrl+GW5074=3-11. Treatment effects 839 

were compared using 2-Way ANOVA followed by Tukey’s multiple comparisons test. Individual 840 

data point comparisons using Sidak’s test can be found in Table 1.  C, D, Quantification of 841 
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individual IC50 (C) and Emax (D) values of DAMGO dose-response curves as described in B. For 842 

C, Ctrl n=13, K+15(-) n=10, K+15(GW) n=4. For D, Ctrl n=14, K+15(-) n=10, K+15(GW) n=4 Data 843 

were compared using 1-Way ANOVA, followed by Tukey’s test. The box-whisker plot indicates 844 

the median, mean (+), quartiles, and range (min-max) of the data. Detailed statistical 845 

information provided in table 1. 846 

Fig. 5. Depolarization induces C-Raf activation and relief of RKIP inhibition in IB4+ 847 

neurons. A, C-Raf activity is promoted by phosphorylation (S338). C-Raf inhibition is relieved 848 

upon phosphorylation of RKIP(S153). B, Phosphorylation of C-Raf (S338) and RKIP (S153) in 849 

response to increasing [K+]e (5 min stimulation). pC-RafS338 n=3-7, pRKIPS153 n=3. C, 850 

Phosphorylation of C-Raf  (S338) with 15 mM [K+]e in naive and SCI DRG neurons; Naïve n=6, 851 

SCI n=5. Data compared via unpaired t test. The box-whisker plot indicates the median, mean 852 

(+), quartiles, and range (min-max) of the data.  D, E, Quantification of pC-Rafs338 (D, n=4) and 853 

pRKIPS153 (E, n=3) phosphorylation in naïve neurons in response to 5 min 15 mM [K+]e between 854 

different neuronal subpopulations (cluster analysis performed as Fig. 2). Differences in cluster 855 

responses determined via 1-Way ANOVA, followed by Tukey’s test. pC-RafS338 and pRKIPS153 856 

responses have been normalized to control baselines for each cluster. p values in the figure 857 

correspond to the comparison against IB4. Detailed statistical information provided in Table 1. 858 

F, C-Raf and RKIP phosphorylation in control and 15 mM [K+]e, shown as coordinates of 859 

nociceptor Area (X), CGRP (Y) and IB4 (Z) intensity. Dot color saturation is proportional to the 860 

intensity of fluorescent signal, with darker colors indicating stronger signals; pRKIP: n>1,000 861 

neurons; pC-Raf: n>3,200 neurons. G, Examples of pC-RafS338 responses to depolarization (5 862 

min,15 mM [K+]e). 10x magnification, scale bar =25 μm.  863 

Fig. 6. Effects of depolarization and C-Raf activation on HEK-293MOR cells. A, DAMGO 864 

dose-response curves in control conditions ([K+]e 5 mM, serum-starved, black empty circles), 865 

[K+]e 15 mM (blue circles), C-Raf-CTH overexpression (Raf-CTH; purple triangles, dotted line), 866 
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serum treatment (not starved, red squares), or serum in presence of 3 μM the C-Raf inhibitor 867 

GW5074 (Ser+GW; orange circles, dotted line). Control n=7-9, K+15 n=3, Serum n=3-11, Raf-868 

CTH n=6, Ser+GW n=7-8 per data point. Treatment effects were compared via 2-Way ANOVA, 869 

followed by Sidak’s test. *p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. Significance symbols: 870 

*[Ctrl vs. Raf-CTH], ^[Ctrl vs. Serum], v[Serum vs. Ser+GW]. B,C, Effects of the different 871 

treatments used in A, on DAMGO IC50 (B) and Emax (C). 50 mM K+ not shown in A.  For B: Ctrl 872 

n=9, K+15 n=3, K+50 n=3, Ser n=9, Raf-CTH n=6, Ser+GW n=7. For C: Ctrl n=9, K+15 n=3, K+50 873 

n=3, Ser n=8, Raf-CTH n=6, Ser+GW n=7. Treatment effects compared via 1-Way ANOVA 874 

followed by Dunnett’s test. The box-whisker plot indicates the median, mean (+), quartiles, and 875 

range (min-max) of the data. Detailed statistical information provided in table 1. 876 

 877 

Fig. 7. Inhibition of C-Raf fully restores opioid sensitivity and reverses hyperexcitability 878 

after depolarization. A, DAMGO inhibition of Fsk responses in SCI cultured neurons pretreated 879 

for 30 min with vehicle (DMSO ≤0.1%), GW5074 (3 μM) or retigabine (10 μM), followed by 5 min 880 

stimulation with Fsk (3 μM) +/- indicated concentrations of DAMGO. Vehicle n=11, GW5074 n= 881 

7-8, Retigabine n=4. Treatment effects compared via 2-Way ANOVA, followed by Sidak’s test. 882 

*p<0.05, **p<0.01. Significance symbols: *[Vehicle vs. Retigabine], ^[Vehicle vs. GW5074].  B, 883 

IC50 values from individual DAMGO dose-response curves for SCI groups treated as in A. Veh 884 

n=10, GW n=8, Ret n=4. Treatment effects compared using 1-Way ANOVA, followed by 885 

Dunnett’s test. The box-whisker plot indicates the median, mean (+), quartiles, and range (min-886 

max) of the data. C, Representative traces of current clamp recordings (I = 0) of sensory 887 

neurons isolated from Naive and SCI groups pretreated (30 min) with vehicle (DMSO 0.03%), 888 

C-Raf inhibitor (GW5074, 3 μM) or MEK inhibitor (UO126, 3 μM μM). Action potentials are 889 

clipped at 0 mV so that subthreshold DSFs are more visible. D, A selective C-Raf inhibitor 890 

(GW5074) and MEK inhibitor (UO126) decrease the incidence (%) of neurons exhibiting 891 
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ongoing firing at RMP (spontaneous activity) or when held at -45 mV. Comparisons of active 892 

neuron incidence by Fisher’s exact test. n numbers and p values are indicated over each bar. 893 

For multiple comparisons, Bonferroni correction was applied and significance levels were as 894 

follows: * p < 0.025, ** p , 0.005, *** p < 0.0005. E, Inhibition of C-Raf or MEK by GW5074 or 895 

UO126, respectively, hyperpolarizes RMP. The effects of C-Raf and MEK inhibitors on RMP 896 

were compared with Brown-Forsythe and Welch ANOVA, followed by Dunnett’s test (p=0.011 897 

for GW5074 and p=0.035 for UO126). F, Reduction of DSF amplitudes by GW5074 and UO126. 898 

Mean DSF amplitudes trended lower when recorded at RMP (p=0.055 for each inhibitor) and 899 

were significantly lower at -45 mV (p=0.033 for GW5074 and p=0.013 for UO126). 1-way 900 

ANOVA followed by Holm-Sidak’s test at RMP and Kruskal-Wallis with Dunn’s multiple 901 

comparison test at -45 mV. DSF, depolarizing spontaneous fluctuation; MP, membrane 902 

potential; RMP, resting membrane potential. Detailed statistical information provided in table 1. 903 

Fig. 8. Model of depolarization-dependent, C-Raf-mediated self-reinforcing mechanisms 904 

driving nociceptor hyperexcitability and reduced opioid responses after SCI. 905 

Depolarization of nociceptors (ΔVm) induced by SCI enhances C-Raf activity in IB4+ neurons 906 

via direct phosphorylation of C-Raf and relief from RKIP inhibition. Active C-Raf promotes 907 

hyperexcitability via two different mechanisms acting in parallel. (1) Activation of the MEK-ERK 908 

cascade by C-Raf has direct effects on RMP and neuronal excitability. (2) Phosphorylation of 909 

AC5/6 by C-Raf reduces the inhibitory effects of Gαi on cAMP generation by AC and 910 

downstream PKA/EPAC signaling, which also regulate nociceptor hyperexcitability and RMP. 911 

The combined effects of MAPK and cAMP signaling on RMP and hyperexcitability set up 912 

positive feedback that maintains ongoing/spontaneous activity in nociceptors while also limiting 913 

the effectiveness of opioids.  914 

 915 
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Table 1. Statistical analysis per figure. 

Fig. Test Post hoc comparison 

1B 2-way ANOVA 

Interaction F (1, 28) =0.71 p=0.41 
DAMGO effect F (1, 28) =188 p=6x10-14  
SCI effect F (1, 28) =7.91 p=0.0089 

              

Sidak’s multiple comparisons test 

*p=0.03 at Fsk+Dm 

1C 2-way ANOVA 

Interaction F (1, 246) =3.89 p=0.001 
DAMGO effect F (1, 246) =178.65 p=1x10-86  
SCI effect F (1, 246) =93.4 p=6x10-19 

 

Sidak’s multiple comparisons test. 

At DAMGO 0.01 μM *p=0.032; 0.03 μM ****p=2x10-8; 
0.1 μM ****p=1x10-6; 0.3 μM **p=0.0048; 1 μM 
***p=1x10-4; 3 μM **p=0.0045. 

1D Mann Whitney test 

U=34, p=2x10-5 

 

2D 2-way ANOVA 

Interaction F (5, 24) =0.40 p=0.84 
Between clusters F (5, 24) =8.43 p=1x10-4  
Naïve vs. SCI F (1, 24) =6x10-5 p=0.99 

 

Sidak's multiple comparisons test 

2E 

 

Paired t test (two tailed), DAMGO effect 

Naïve: CGRP (t(2)=7.34, p=0.081), IB-CG (t(2)=7.23, 
p=0.019), IB4 (t(2)=6.52, p=0.023) 

 

 

2F Paired t test (DAMGO Effect) 

2F_SCI: CGRP (t(2)=8.17, p=0.015) 

 

 

2F* Unpaired t test (SCI effect) 

[Fsk +DAMGO] Naïve vs. SCI:  IB4 (t(4)=4.15, p=0.014). 

 

3A 2-way RM ANOVA 

Interaction F (3, 60) =3.67 p=0.017 
K+ effect F (3, 60) =165 p=6.19x10-2

SCI effect F (1, 20) =5.4 p=0.031 
  

Sidak’s multiple comparisons test 

**p=0.0081 at 3 mM; *p=0.039 at 10 mM. 

3B 2-way ANOVA 

Interaction F (4, 46) =1.14 p=0.35 
K+ effect F (4, 46) =53.51 p=1x10-17  
SCI effect F (1, 46) =10.51 p=0.0022 

 

Sidak’s multiple comparisons test 
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3C 2-way ANOVA 

Interaction F (4, 46) =0.079 p=0.99 
K+ effect F (4, 46) =6.4 p=4x10-4  
SCI effect F (1, 46) =0.25 p=0.62 

 

Sidak's multiple comparisons test 

3D 2-way ANOVA  

Interaction F (1, 8) =4.87 p=0.058 
IB4 effect F (1, 8) =19.55 p=0.0022  
SCI effect F (1, 8) =3 p=0.12 

  

Sidak's multiple comparisons test (Naïve vs. SCI) 

IB4+: *p=0.047 

3E 2-way ANOVA 

Interaction F (2, 30) =3.7 p=0.036 
Stimuli effect F (2, 30) =120.2 p=5x10-15  
 K+ effect F (1, 30) =14.63 p=6x10-4 

 

Sidak’s multiple comparisons test 

[Ctrl]: p=0.041; [Fsk+DAMGO]: p=0.0015. 

3F 2-way ANOVA 

Interaction F (6, 158) =13.35 p=3x10-12 
DAMGO effect F (6, 158) =90.18 p=2x10-48 
K+ effect F (1, 158) =211.8 p=6x10-31 

 

Sidak’s multiple comparisons test 

At DAMGO 0.03 μM ****p=4x10-5; 0.1 μM ****p=4x10-8; 
0.3 μM ****p=1x10-12; 1 μM ****p=2x10-15; 3 μM 
****p< 0.0001. 

3G 2-way ANOVA 

Interaction F (6, 49) =13.35 p=0.55 
DAMGO effect F (6, 49) =90.18 p=1x10-11 
K+ effect F (1, 49) =211.8 p=9x10-4 

 

Sidak’s multiple comparisons test 

 

4A 1-Way ANOVA 

F (7, 47) =7.54, p=4x10-6 

Sidak’s multiple comparisons test (vs. [Ctrl] group).  

[-]: ***p=5x10-4, [Srci]: *p=0.014, [PKCi] *p=0.015, [PKAi] 

****p=7x10-6, [MEKi] ***p=2x10-4. 

4A# 1-Way ANOVA 

F (6, 37) =7.54, p=8x10-4 

Dunnett's multiple comparisons test (vs. [-] group).  

C-Rafi 
##p=0.0082. 

4B 

 

 

 

 

4B 

 

2-way ANOVA 

Interaction F (15, 266) =11.2 p=5x10-21 
DAMGO effect F (5, 266) =191.4 p=6x10-86 
Treatment effect F (3, 266) =133.3 p=1x10-52 

 

2-way ANOVA 

Interaction F (10, 229) =13.25 p=3x10-18 
DAMGO effect F (5, 229) =118.64 p=2x10-61 
Treatment effect F (2, 229) =163.3 p=9x10-45 

 

Tukey’s multiple comparisons test. 

[Ctrl] vs. [K+15]: p= 1x10-13, [Ctrl] vs. [K+15+GW5074]: 
p=2x10-13, [K+15] vs. [K+15+GW5074]: p=1x10-4. 

 

Sidak’s multiple comparisons test (Ctrl + GW5074 
excluded) 

[Ctrl] vs. [K+15]: 0.03 μM p=3x10-5; 0.1 μM p=1x10-12; 0.3 
μM p=4x10-15; 1 μM p< 0.0001; 3 μM p< 0.0001. 

[K+15] vs. [K+15+GW5074]: 0.1 μM p=5x10-5. 

[Ctrl] vs. [K+15+GW5074]: 0.3 μM p=0.0015; 1 μM p=6 
x10-15; 3 μM p=7x10-8. 

4C 1-Way ANOVA 
F (2, 24) =6.07, p=0.0074 

Tukey's multiple comparisons test 
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Ctrl vs. K+15(-): p=0.013; K+15(-) vs. K+(GW): p=0.034 

4D 1-Way ANOVA 
F (2, 25) =42.94, p=8x10-9 

Tukey's multiple comparisons test 

Ctrl vs. K+15(-): 3x10-8; Ctrl vs. K+(GW): 4x10-6 

5C Unpaired t test (two-tailed) 

t(9)=3.57, p=0.038. 

 

5D 1-way ANOVA 

F (4, 15) =14.31, p=5x10-6 

Tukey's multiple comparisons test 

N vs. IB4: p=1x10-4, CGRP vs. IB4: p=8x10-5, IB-CG vs. IB4: 
p=9x10-4, L,XL vs. IB4: p=0.001 

5E 1-way ANOVA 

F (4, 10) =7.68, p=0.0044 

Tukey's multiple comparisons test 

N vs. IB4: p=0.017, CGRP vs. IB4: p=0.013, IB-CG vs. IB4: 
p=0.033, L,XL vs. IB4: p=0.0035 

6A 2-way ANOVA (0.01 μM point excluded) 

Interaction F (20, 185) =3.28 p=1x10-5 
DAMGO effect F (5, 185) =669.2 p=2x10-116 
Treatment effect F (4, 185) =15.94 p=3x10-11 

 

 

 

Sidak’s multiple comparisons test 

[Ctrl] vs. [Serum]: 0.03 μM ^^^^p=4x10-6; 0.1 μM 
^^^p=4x10-5;  

[Ctrl] vs.[ Raf-CTH]: 0.03 μM ***p=5x10-4; 0.1 μM 
**p=0.0062; 0.3 μM *p=0.024  

[Serum] vs. [Ser+GW]: 0.03 μM vvvv p=1x10-8; 0.1 μM 
vvvvp=8x10-5; 0.3 μM vp=0.043 

6B 1-Way ANOVA 

F (5, 31) =6.72, p=2x10-4 

Sidak's multiple comparisons test 

Ctrl vs. Serum: p=0.016, Ctrl vs. Raf-CTH: p=0.0028, 
Serum vs. Ser+GW: p=0.026 

6C 1-Way ANOVA 

F (5, 30) =103.51, p=6x10-18 

Sidak's multiple comparisons test 

Ctrl vs. K+15: p=4x10-4, Ctrl vs. K+50: p< 0.0001, Serum 
vs. Ser+GW: p=0.024 

7A 2-Way ANOVA 

Interaction F (14, 158) =1.79 p=0.044 
DAMGO effect F (7, 158) =89.08 p=1x10-51 
Treatment effect F (2,158) =12.99 p=6x10-6 

 

Sidak's multiple comparisons test (Treatment effects) 

SCI vs. GW5074: p=9x10-5, SCI vs. Retigabine: p=1x10-4 

7A 2-Way ANOVA 

Interaction F (14, 158) =1.79 p=0.044 
DAMGO effect F (7, 158) =89.08 p=1x10-51 
Treatment effect F (2,158) =12.99 p=6x10-6 

 

Sidak's multiple comparisons test (Individual data points) 

SCI vs. GW5074: 0.01 μM ^^p=0.0054; 0.03 μM 
^^p=0.0034; 0.1 μM ^^p=0.0087 

SCI vs. Retigabine: 0.01 μM *p=0.022; 0.03 μM 
**p=0.0025 

 

7B 1-Way ANOVA Dunnett's multiple comparisons test 
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F (2, 19)=5.69, p=0.012 Veh vs. GW: p=0.028, Veh vs. Ret: p=0.019 

7D Fisher’s exact test Bonferroni correction for two comparisons, significance 
levels: * p < 0.025, ** p , 0.005, *** p < 0.0005 

At rest 
Veh vs GW: * p =0.0059 
Veh vs UO126: * p =0.0059 
 
At -45 mV 
Veh vs GW: *** p =0.0002 
Veh vs UO126: ** p =0.0007 

7E Brown-Forsythe and Welch ANOVA tests, 
respectively: 

F (2, 30.80) =6.18, p =0.0055 
W (2, 20.56) =5.377, p =0.0132 

Dunnett's multiple comparisons test 

Veh vs GW: p =0.011 
Veh vs UO126: p =0.035 

7F At rest: 1-Way ANOVA 
F (2, 25) =3.616, p =0.0418 

 
 
At -45 mV: Kruskal-Wallis test 
p =0.0086 

At rest: Holm-Sidak’s multiple comparison test 
 
Veh vs GW: p =0.055 
Veh vs UO126: p =0.055 
 
At -45 mV: Dunn’s multiple comparison test 
Veh vs GW: p =0.034 
Veh vs UO126: p =0.013 

 

 


