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Abstract  

Oxycodone is a semi-synthetic opioid compound that is widely prescribed, used and abused 

today, and has a well-established role in shaping the current opioid epidemic. Previously we have 

shown that tolerance develops to the antinociceptive and respiratory depressive effects of 

oxycodone in mice, and that a moderate dose of acute ethanol or a PKC inhibitor reversed that 

tolerance. To investigate further if tolerance was occurring through neuronal mechanisms, our 

aims for this study were to assess the effects of acute and prolonged oxycodone in isolated dorsal 

root ganglia (DRG) neurons and to determine if this tolerance was reversed by either ethanol or a 

PKC inhibitor. We found that an acute exposure to 3μM oxycodone reduced neuronal 

excitability, as measured by increased threshold potentials and reduced action potential 

amplitude, without eliciting measurable changes in resting membrane potential. 18-24 hour 

exposure to 10μM oxycodone prevented oxycodone’s effect on neuronal excitability, indicative 

of tolerance development. The development of opioid tolerance was mitigated in DRG neurons 

from β-arrestin2 knock-out mice. Oxycodone tolerance was reversed in isolated DRG neurons by 

the acute application of either ethanol [20 mM] or the PKC inhibitor, Bisindolylmaleimide XI 

(Bis XI), when a challenge of 3 µM oxycodone significantly reduced neuronal excitability 

following prolonged exposure. Through these studies, we concluded that oxycodone acutely 

reduced neuronal excitability, tolerance developed to this effect, and reversal of that tolerance 

occurred at the level of a single neuron, suggesting that reversal of oxycodone tolerance by either 

ethanol or Bis XI involves cellular mechanisms. 
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Introduction 

Oxycodone is a semi-synthetic opioid that has potent analgesic properties. It was initially 

recommended to physicians as a highly effective opioid with reduced abuse liability and 

tolerance development. As we now know, oxycodone contributed substantially to the current 

opioid epidemic, unmasking its high abuse potential along with dependence and tolerance 

development. Opioid abusers are often poly-drug abusers, with ethanol being the most widely 

co-abused substance among these individuals. We have previously reported that ethanol reversed 

various morphine tolerances in vivo and in vitro (Hull et al., 2013; Llorente et al., 2013; Hill et 

al., 2016). In addition, we recently reported that ethanol also effectively reversed oxycodone 

antinociceptive tolerance in vivo (Jacob et al., 2017) as well as respiratory depression (Hill and 

Henderson, personal communication). It has also been reported that inhibitors of PKC reversed 

tolerance to the antinociceptive (Javed et al., 2004; Smith et al., 2007) and respiratory depressive 

effects of morphine, but not methadone (Withey et al., 2017). Today, oxycodone is still 

prescribed in various formulations, such as Oxycontin® and Percocet®, supporting the fact that 

it is critical to further our understanding of the interactions that occur when ethanol or other 

drugs known to inhibit PKC are consumed with oxycodone.     

 Evidence supporting the hypothesis that spinal mechanisms may mediate antinociceptive 

tolerance to opioids was introduced over twenty years ago (Gutstein and Trujillo, 1993). Until 

recently however, tolerance has primarily been described and studied as a central phenomenon, 

with little attention directed toward potential peripheral contributions. There has been renewed 

interest in peripheral mechanisms of opioid tolerance, with a recent study suggesting that while 

the analgesic effects of morphine are mediated centrally, the signaling mechanisms underlying 

tolerance are distinctly different, and occur primarily outside the brain and spinal cord (Corder et 
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al., 2017). This conclusion was based, in part, on the observation that following the 

administration of a peripherally restricted opioid antagonist prevented the initiation of opioid 

tolerance, but did not affect the antinociceptive effects in mice. A recent review covering the 

aforementioned study along with other related studies collectively suggested presynaptic µ 

opioid receptors in afferent nociceptors are necessary for the development of tolerance to opioids 

(Puig and Gutstein, 2017).  

We have demonstrated that the acute effects of morphine, initially on enteric neurons 

(Smith et al., 2012), followed soon after on dorsal root ganglia (DRG) neurons (Ross et al., 

2012), result in an increase in threshold potential, a decrease in action potential amplitude, and 

altered sodium channel kinetics, as indicated by a shift to the left in the inactivation curve 

suggesting reduced sodium channel availability. We have since published that tolerance to 

morphine can be evaluated in dorsal root ganglia (DRG) neurons by examining  these measures 

of neuronal excitability (Kang et al., 2017). Given that we now have a reproducible model to 

evaluate neuronal tolerance, we hypothesized that oxycodone would produce similar responses to 

morphine. Also, by utilizing the concept that the dorsal root ganglia serve as a relay station 

between the external nociceptive stimuli and the central nervous system, we further evaluated the 

argument that tolerance to opioids involves peripheral µ opioid receptors by demonstrating that 

tolerance occurs within the afferent cell bodies themselves.  

 The studies described in this paper were designed to assess the acute effects of 

oxycodone on dorsal root ganglia neurons and to determine whether tolerance developed to those 

effects. We then evaluated whether ethanol reversed the tolerance to oxycodone in these isolated 

neurons, as it did in the whole animal. We further investigated whether the reversal of oxycodone 

tolerance in this assay by ethanol was due to an interaction of the opioid and ethanol on PKC.  
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Materials and Methods 

Drugs and Chemicals  

Dulbecco’s modified Eagle medium (DMEM), Hank’s balanced salt solution (HBSS) and fetal 

bovine serum were purchased from Gibco (Grand Island, NY). Papain was purchased from 

Worthington Biochemical Corporation (Lakewood, NJ). B27 supplement, L-glutamate, and 

pencillin/streptomycin were purchased from Invitrogen (Carlsbad, CA). Glial cell line-derived 

neurotrophic factor (GDNF) was purchased from Neuromics (Edina, MN). Glass cover slips 

were purchased from ThermoFisher Scientific (Waltham, MA). Laminin was purchased from BD 

Biosciences (San Jose, CA) and poly-D-lysine was purchased from MP Biomedicals (Solon, 

OH). 24-well cell culture dishes were purchased from CELLTREAT (Pepperell, MA). 

Collagenase from Clostridium histolyticum, magnesium chloride (MgCl2), calcium chloride 

(CaCl2), NaCl, KCl, HEPES, EGTA, sodium dihydrogen phosphate (NaH2PO4), glucose, ATP 

disodium salt, K-aspartic acid, potassium hydroxide (KOH) and sodium hydroxide (NaOH) were 

purchased from Sigma Aldrich (St. Louis, MO). Ethanol was obtained from AAPER Ethanol and 

Chemical Co. (Shelbyville, KY). Oxycodone HCl and Morphine sulfate pentahydrate were 

obtained from the National Institutes of Health National Institute on Drug Abuse (Bethesda, MD) 

and dissolved in ddH20. Bisindolylmaleimide XI, HCl (Bis XI) and Naloxone HCl were 

purchased from Sigma Aldrich Co. (St. Louis, MO). CTAP was purchased from Cayman 

Chemical (Ann Arbor, MI). 

Animals 

Adult male C57/BL6, 25-30g and at least 6 weeks of age, were purchased from ENVIGO 

(Frederick, MD). β-arrestin 2 wild type (WT) and knockout (KO) male mice (25-30 g) were 

obtained from Dr. Lefkowitz (Duke University, Durham, NC). All animals were housed up to 
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five per cage in animal care quarters and maintained at 22±2°C on a 12 hour light-dark cycle. 

Access to food and water was available ad libitum. Protocols and procedures were approved by 

the Institutional Animal Care and Use Committee (IACUC) at Virginia Commonwealth 

University Medical Center and comply with the recommendations of the International 

Association for the Study of Pain (IASP).  

Tail Immersion Test  

The warm water tail immersion test was performed by using a water bath stabilized at 56°C ± 

0.1°C, utilizing the Corderre and Rollman method (Coderre and Rollman, 1983). A baseline 

(control) tail withdrawal latency was determined prior to any injections, and qualifying responses 

occurred between 2.0 and 4.0 seconds. Test latencies were capped at 10.0 seconds to avoid tissue 

damage. Antinociception was quantified as the percentage of maximum possible effect (% MPE) 

and calculated for each mouse, using the following equation: % MPE = [(test latency – baseline 

latency)/(max latency – baseline latency)] X 100 (Harris and Pierson, 1964). 

Single Day Tolerance Model  

β-arrestin 2 WT male mice were weighed and baseline tail-withdrawal latencies (sec) were 

assessed in the tail immersion test. Twenty minutes following an initial injection of an ED80 dose 

of oxycodone (1.25 mg/kg, s.c.) mice were tested for antinociception, and that latency was 

recorded as the acute response. Forty minutes later, mice received the second of their eight total 

injections, followed by the remaining six injections, each given one hour apart. Twenty minutes 

following the eighth and final injection, animals were again tested for tail withdrawal latencies 

and this value was recorded as the chronic response. Pre-treatment times and injection schedules 

were based on previous methods used in our laboratory (Jacob et al., 2017).  
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Isolation and Culture of Primary Cells from Adult Mouse Dorsal Root Ganglia 

DRGs from the adult mouse were prepared as described (Ross et al., 2012). Mice were sacrificed 

via CO2 inhalation followed by cervical dislocation. L5-S1 DRGs were immediately harvested 

under a dissecting microscope and placed in a dish containing HBSS.  Papain [15 U/ml] was then 

added to the dish and incubated for 18 min at 37°C. Subsequently, ganglia were transferred to a 

separate dish containing HBSS and 1.5 mg/ml collagenase from Clostridium histolyticum and 

incubated for 60 min at 37°C. After incubation, ganglia were transferred to DMEM in a sterile 

15mL conical flask, dissociated by triturating and centrifuged for 5 min at 1000 rpm.� The 

supernatant was discarded and the pellet was re-suspended in neurobasal A media containing 1% 

fetal bovine serum, 1x B-27 supplement, 10 ng/mL GDNF, 2mM L-glutamine and 100 U/ml 

penicillin/streptomycin/amphotericin B (complete neuron media). Isolated cells were plated on 

laminin and poly-D-lysine-coated glass cover slips and maintained at 37°C in a humidified 5% 

CO2/air incubator. Where indicated, isolated neurons were exposed to 10 µM oxycodone or 

morphine in complete neuron media for 18-24 hours prior to whole-cell patch-clamp 

experiments.  

Electrophysiology  

Patch micropipettes were pulled from 1.5/0.84 OD/ID (mm) borosilicate glass capillaries (World 

Precision Insturuments, Sarasota, FL) on a Flaming/Brown Micropipette puller P97 (Sutter 

Instruments, Novato, CA) and fire polished. Initial pipette resistances were 2–4 MΩ when filled 

with filtered internal solution containing (in mM): 100 L-aspartic acid (K salt), 30 KCl, 4.5 

Na2ATP, 1 MgCl2, 10 HEPES, and 0.1 EGTA (pH adjusted to 7.2). Current-clamp experiments 

were conducted by transporting coverslips containing adhered DRG neurons to a microscope 

stage plate and superfusing with HEPES-buffered external solution containing (in mM): 135 
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NaCl, 5.4 KCl, 0.33 NaH2PO4, 5 HEPES, 1 MgCl2, 2 CaCl2, and 5 glucose (pH adjusted to 7.4 

with NaOH). Because small-diameter neurons correspond to nociceptive Aδ fiber� and C-type 

neurons, only small neurons (<30 pF capacitance) were used (pF = 16.06 ± 0.64, n = 64) 

(Abraira and Ginty, 2013; Barabas et al., 2014). Whole cell current-clamp recordings were made 

at room temperature using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA), 

with a set protocol consisting of 0.01 nA steps beginning at -0.03 nA to assess both active and 

passive cell properties. Values reported did not reflect corrected junction potentials (~ -12 mV). 

Pulse generation and data acquisition were achieved with Clampex and Clampfit 10.2 software 

(Molecuar Devices, Sunnyvale, CA). Action potential (AP) derivatives were determined using 

the differential function in Clampfit software, by taking the derivative of the voltage with respect 

to time (dV/dT). Threshold potentials were defined as the voltage at which dV/dt deviated 

significantly from zero during the course of an action potential uprise. Assessment of acute 

oxycodone effects began after a 2-3 min equilibration period, where an external solution 

containing 3 μM oxycodone solution was then superfused over neurons. Threshold potentials 

were determined from the first-derivatives of current clamp recordings taken at 1 min intervals 

for 10 min following oxycodone exposure. The difference between threshold potential values at 

0 and 10 minutes was calculated for each cell. Tolerance to oxycodone was assessed in an 

identical manner in cells that had been incubated overnight in media containing 10 μM 

oxycodone. The effect of ethanol on oxycodone tolerance was assessed by incubating cells 

overnight in 10 μM oxycodone followed by the addition of ethanol to the media (20mM [final]) 

for 50 min immediately preceding whole-cell patch clamp recording. Bis XI was added to the 

pre-filtered internal pipette solution at a final concentration of 100 nM to investigate the role of 

PKC inhibition on oxycodone tolerance. Neurons were treated overnight with 10 μM oxycodone 
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and exposed to 100 nM Bis XI immediately upon membrane breakthrough. Neurons were then 

superfused with external solution containing 3 μM oxycodone. In all experiments, “N” represents 

the total number of mice and “n” represents the total number of cells within each group from 

which recordings were obtained.  

Data Analysis 

Statistical differences were calculated using GraphPad Prism 5.0 (GraphPad Software, Inc., La 

Jolla, CA). All analyses were conducted on the small “n” value, representing total cell numbers 

(except for Figure 5A, where the “N” representing the number of mice was analyzed). Within-

subject comparisons were analyzed via Student’s paired t-test. For group comparisons, results 

were analyzed by two-way ANOVA with Bonferroni post-hoc test, and an alpha level set to 0.05. 

The results are expressed as mean value ± SEM, except where individual data points are shown. 
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Results 

Acute Oxycodone Reduced Neuronal Excitability. It has been established that DRG neurons 

isolated from adult rats and mice express opioid receptors (Coggeshall et al., 1997; Wang et al., 

2010; Stein, 2013) and studies from our own laboratory have shown various effects of morphine 

on DRG neurons isolated from adult mice (Ross et al., 2012; Kang et al., 2017). However, the 

effects of oxycodone on DRG neuronal excitability have yet to be investigated. Candidate 

neurons were selected for their round spherical shape and small size.  Figure 1a shows a family 

of raw traces obtained with increasing current at baseline (left) and 10 minutes after 3 μM 

oxycodone exposure (right). Following 3 μM oxycodone, the number of action potentials at 

positive current (2x rheobase) was reduced (Figure 1a). A representative protocol showing the 

current injected and corresponding rheobase (outlined in red) is shown in Figure 1b. Threshold 

potential values gradually increased to more positive potentials as exposure to oxycodone 

continued, with a noticeable increase beginning 5 minutes post oxycodone application.  

Continuous superfusion of the 3 µM oxycodone bath for 10 minutes led to a +4.58 ± 1.39 mV 

increase in threshold potential on average (p < 0.01, N = 7, n = 12) (Figure 1c, Figure 2 and 

Figure 9) and a decrease in action potential amplitude by 8.33 ± X.0 mV (Figure 1c and Table 1). 

This concentration of oxycodone was the minimal effective concentration to elicit acute opioid 

effects as determined by the two factors listed above, as a 10 minute exposure to 1 µM 

oxycodone did not result in significantly increased threshold potentials (data not shown). Other 

cell parameters such as peak action potential height, input resistance, resting membrane potential 

and rheobase were measured and analyzed, but no statistically significant changes were found 

after an acute 3 µM oxycodone challenge (Table 1).   

 To determine if the acute effects of oxycodone on neuronal excitability were mediated by 
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opiate receptors, we co-perfused external solution over neurons that contained 3 µM oxycodone 

and 300 nM naloxone. The addition of naloxone prevented the increase in threshold potentials 

observed after acute oxycodone alone (-12.02 ± 1.54 mV vs. -11.55 ± 1.58) (N = 2, n = 4, p > 

0.05) (Figure 2). We further tested the hypothesis that µ-opioid receptors specifically mediate 

oxycodone’s effects in DRG neurons by utilizing the selective µ-opioid receptor peptide 

antagonist, CTAP. Similar to our naloxone experiments, we co-perfused neurons with an external 

solution containing 3 µM oxycodone and 100 nM CTAP for 10 minutes, which resulted in the 

lack of a shift in threshold potential (-10.20 ± 1.68 mV vs. -9.48 ± 1.45) (N = 2, n = 4, p > 0.05) 

(Figure 2). These findings suggest that in DRG neurons, oxycodone’s effects are elicited 

selectively through the µ-opioid receptor.  

Overnight Exposure to Oxycodone Led to Tolerance. Previously, we have shown tolerance to 

morphine in DRG neurons isolated from mice implanted with morphine pellets for 5 days (Kang 

et al., 2017). Here we tested the hypothesis that prolonged exposure to oxycodone in vitro would 

lead to a tolerant phenotype. Neurons (N = 5, n = 8) were incubated overnight (minimum 18 

hours) with 10 µM oxycodone prior to being moved to the microscope stage plate containing an 

external solution with no drug treatment. Baseline threshold recordings were not statistically 

different from untreated neurons, though a few showed some evidence of hyperexcitability. 

Following a 10 minute 3 µM oxycodone bath challenge, these neurons did not exhibit changes in 

threshold potential (-23.77 ± 3.79 mV vs. -23.18 ± 3.72 mV) (p > 0.05) (Figure 3A and Figure 9) 

or action potential amplitude (-87.86 ± 9.17 mV vs. 86.88 ± 10.01 mV) (Table 1), indicating the 

development of tolerance had occurred.  

To further validate this model of tolerance, we tested the development of tolerance to 

oxycodone or morphine in DRG neurons isolated from WT and β-arrestin 2 (β-arr2) KO mice. 
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Previous studies have shown that antinociceptive tolerance does not occur in β-arrestin 2 knock-

out mice. Morphine and oxycodone are opioid compounds that are known to recruit β-arrestin 2, 

a scaffolding protein thought to contribute to their tolerance mechanisms (Bohn et al., 2000; 

Raehal and Bohn, 2011; Williams et al., 2013). Neurons isolated from β-arr2 KO mice and 

incubated overnight in 10 μM oxycodone continued to respond to oxycodone the following day 

(Figure 3B).  Following a 3 μM oxycodone challenge, neurons exhibited a + 2.93 ± 1.15 mV 

increase in threshold potential compared to baseline and did not display signs of tolerance to 

oxycodone (Figure 3C, p < 0.05; N = 5, n = 10). We also tested morphine in B-arr2 WT and KO 

neurons, and like oxycodone, the shift in threshold potential in response to 3 μM morphine was 

inhibited in WT neurons incubated overnight with 10 μM morphine (-26.13 ± 3.00 mV vs.  -

25.55 ± 2.68 mV) (Figure 4A) (N = 4, n = 6). However, neurons isolated from β-arr2 KO mice 

continued to respond to a 3 μM morphine challenge after overnight morphine exposure, as 

indicated by a +4.38 ± 0.55 mV shift in threshold potential values (Figure 4B, p < 0.05; N = 4, n 

= 6), similar to our findings with oxycodone.  Based on these results, we are confident that true 

cellular tolerance to oxycodone and to morphine developed in vitro within an isolated DRG 

neuron following overnight exposure to 10 µM of either opioid.  

In Vivo Exposure to Oxycodone Led to Ex Vivo Tolerance. Previously, our lab has shown that 

antinociceptive tolerance developed to oxycodone using a single-day repeated injection model. 

Prior to this study, we had tested tolerance development using Swiss-Webster mice, however, in 

this study, we investigated whether tolerance would develop to oxycodone in B-arr2 WT mice. In 

Swiss-Webster mice, the ED80 dose of oxycodone (s.c.) was 1.25 mg/kg. Similarly, we found 

this dose produced acute antinociception in B-arr2 WTs (N = 4) with an average of 70.73 ± 

19.75 % MPE. Following a total of 8 repeated injections of oxycodone (1.25 mg/kg, s.c.), 
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average antinociception was significantly reduced, equaling 10.20 ± 4.25 % MPE (p < 0.05) 

(Figure 5A). Immediately following completion of the single-day tolerance model, mice were 

sacrificed and DRG neurons were isolated as described earlier. No additional oxycodone was 

added to the media during the overnight incubation. The following day, neurons were assessed 

for their baseline threshold potential and subsequent response to a 3 μM oxycodone bath 

challenge. Average baseline threshold was -11.22 ± 1.61 mV. These neurons did not demonstrate 

an upward shift in threshold potential following the 3 μM oxycodone challenge (-12.43 ± 1.90 

mV), suggesting that the in vivo tolerance that developed persisted at the cellular level (N = 4, n 

= 6; p > 0.05) (Figure 5B).  

Acute Ethanol Reversed Oxycodone Tolerance. We next tested the hypothesis that acute 

exposure to ethanol would reverse tolerance induced by oxycodone. Following an overnight 

incubation in 10 µM oxycodone, ethanol [20mM] was added directly to the DRG neuron 

coverslips in the continued presence of 10 µM oxycodone in the culture media.  The cells were 

exposed to ethanol for 50 minutes to correspond to the amount of time ethanol was given to 

reverse oxycodone tolerance in vivo (Jacob et al., 2017). Neurons (N = 8, n = 13) were initially 

exposed to an external bath solution without any drug treatments, and baseline recordings were 

obtained. Interestingly, we no longer observed the low threshold potentials indicative of the 

heightened excitability at baseline that was noted in the cells exposed only to 10 µM oxycodone 

overnight. Cells were then exposed to a bath containing 3 µM oxycodone for 10 minutes. 

Threshold potential values increased +3.75 ± 1.67 mV, from -16.19 ± 1.44 mV to -12.44 ± 2.32 

mV (p < 0.05), showing similar shifts observed under acute oxycodone conditions. Action 

potential amplitude was also decreased from 76.07 ± 3.36 mV to 67.00 ± 5.21 mV. These cells 

no longer displayed a tolerant phenotype, and the response to oxycodone indicated that acute 
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exposure to ethanol reversed tolerance within a single neuron (Figure 6 and Figure 9). The same 

50-minute 20 mM ethanol treatment had no effect on DRG neurons not exposed to oxycodone 

when assessed for changes in excitability over a 10-minute time period (-14.31 ± 1.44 mV vs. -

13.77 ± 1.19 mV) (one-way ANOVA, p = 0.88, N = 2, n = 7) (Figure 7), suggesting the effects 

observed in the neurons that were exposed to prolonged oxycodone and followed by ethanol 

were due specifically to oxycodone.  

The Investigation of the Mechanism of Ethanol Reversal Using an Inhibitor of PKC. 

Inhibition of PKC Rapidly Reversed Oxycodone Tolerance. Various PKC inhibitors have also 

been reported to reverse tolerance to both the antinociceptive effects and the respiratory 

depressive effects of morphine in vivo (Smith et al., 2003; Javed et al., 2004; Hull et al., 2010; 

Withey et al., 2017). Additionally, we have implicated PKC inhibition in ethanol reversal of 

morphine tolerance in vitro in locus coeruleus neurons (Llorente et al., 2013). We tested the 

hypothesis that inhibiting PKC would also reverse oxycodone tolerance. DRG neurons (N = 7, n 

= 8) incubated overnight with 10 µM oxycodone were transferred to the microscope stage plate 

and perfused with external bath solution. In these studies, the PKC inhibitor, 

Bisindolylmaleimide XI, HCl (Bis XI) was added to the internal pipette solution at a final 

concentration of 100 nM. This concentration of Bis XI was found to not significantly alter 

threshold potential values in untreated neurons (-14.95 ± 2.21 mV vs. -12.30 ± 1.79) (one-way 

ANOVA, p = 0.07, N =1, n = 4) (Figure 7). In neurons exposed to oxycodone overnight and Bis 

XI in the internal solution, baseline recordings showed these neurons had similar threshold 

potentials to untreated neurons (-14.33 mV ± 1.67), suggesting that the inhibition of PKC 

eliminated the hyperexcitability state observed in neurons exposed only to 10 µM oxycodone 

(Table 1). Upon exposure to a 3 µM oxycodone bath challenge over 10 minutes, neurons 
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containing 100 nM Bis XI internally showed a robust decrease in excitability (+4.67 ± 1.00 mV 

change) (p < 0.05) (Figure 8). The response to an oxycodone challenge was similar to both 

neurons representing acute oxycodone conditions and neurons treated with 10 µM oxycodone 

and ethanol (Figure 9). The rate at which oxycodone tolerance reversal occurred in the 

experiments with Bis XI suggests that the mechanism(s) underlying reversal by PKC inhibition 

are rapid (Figure 10A). These findings corroborate in vivo findings where administration of a 

PKC inhibitor reversed tolerance to morphine in mice (Smith et al., 1999; Javed et al., 2004; 

Withey et al., 2017).  
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Discussion 

These studies represent the first reported findings of oxycodone’s effects in murine DRG 

neurons. Opioids, including oxycodone, are primarily thought to elicit their antinociceptive 

effects through both central and peripheral mechanisms, however tolerance to that effect has 

predominantly been studied with a focus on mechanisms within the central nervous system 

(Patrick et al., 1975; Hull et al., 2010). Dorsal root ganglia sit in the periphery, adjacent to the 

spinal cord, just outside the blood-brain-barrier. Here we show that tolerance developed to the 

acute effects of oxycodone at the level of a single DRG neuron. Our subsequent aim investigated 

whether ethanol or a PKC inhibitor could reverse tolerance to oxycodone in DRG neurons, as 

they each have previously been shown to reverse various morphine tolerances both in vivo and in 

vitro (Bailey et al., 2009; Hull et al., 2010, 2013; Llorente et al., 2013; Hill et al., 2016). We 

found that neurons exposed to either ethanol or the PKC inhibitor, Bis XI, responded to 3 µM 

oxycodone despite a prior overnight exposure to oxycodone, indicating tolerance to oxycodone 

had been reversed.  

The Effect of Acute Oxycodone on Dorsal Root Ganglia Neuron Excitability. 

We found an acute effect of 3 µM oxycodone on threshold potential and action potential 

amplitude. These two characteristics have previously been reported to change following the 

acute application of morphine on DRG neurons, suggesting that oxycodone acts like morphine 

and likely works through similar mechanisms at the cellular level (Kang et al., 2017). Other cell 

parameters, such as resting membrane potential and input resistance, were not affected by acute 

oxycodone, which agrees with published studies on morphine’s effects in both central and 

peripheral neurons (Siggins and Zieglgänsberger, 1981; Ross et al., 2012). One explanation for 

the reduced excitability following application of morphine, and now oxycodone, is the reduction 
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in available sodium channels. Only one other study has attempted to investigate the role of 

oxycodone on sodium channels, where tetrodotoxin-resistant sodium channels (TTX-R Na) were 

specifically evaluated (Osawa et al., 2007). It was found that oxycodone continued to reduce the 

maximum sodium current output in rat DRG neurons pre-treated with tetrodotoxin (TTX), and 

that it was mediated via opioid receptor independent pathway(s) since naloxone did not prevent 

the reduced current elicited by oxycodone. Furthermore, much higher concentrations of 

oxycodone were utilized than in our studies, ranging from 10 µM to 10 mM. We observed, 

however, that when either 300 nM naloxone or 100 nM CTAP was co-perfused with 3 µM 

oxycodone, the acute response to oxycodone was blocked. This suggests that in DRG neurons, 

when both TTX-sensitive and TTX-resistant sodium channels are available, neuronal excitability 

is affected by acute oxycodone in a µ-opioid receptor-dependent manner.  

The Effects of Prolonged Exposure to Oxycodone. 

Tolerance to oxycodone at the single-cell level using DRG neurons has not been shown prior to 

our studies presented here. We developed a model of in vitro tolerance by incubating neurons in 

media containing 10 µM oxycodone for at least 18 hours, which was validated by demonstrating 

that tolerance to either oxycodone or morphine was abated in β-arr2 KO mice. When WT 

neurons were challenged with 3 µM oxycodone following exposure to oxycodone overnight, 

these neurons showed no response. We then found that a 3 µM challenge concentration of 

oxycodone continued to shift the threshold potential and thus reduce neuronal excitability in β-

arr2 KO neurons, which is consistent with the premise that tolerance to opioids is prevented in 

these KO mice. The fact that tolerance was observed in isolated DRGs suggests that reduced 

antinociceptive responses in vivo following repeated oxycodone treatment could be influenced 

not only by tolerant µ-opioid receptors in central neuron populations but also those expressed in 
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peripheral neuronal populations. This idea was further supported by the observation that DRG 

neurons excised from mice made tolerant to oxycodone in vivo using a single-day tolerance 

model did not respond to an oxycodone bath challenge the following day, which demonstrated a 

persistence of tolerance at the single cell level following in vivo treatment alone.   

Reversal of Tolerance to Oxycodone by Ethanol or a PKC Inhibitor 

Our data showed a robust reversal of oxycodone tolerance by a low concentration of ethanol 

[20mM] in DRG neurons, suggesting that the mechanisms of ethanol reversal occur via 

intracellular signaling pathways independent of pharmacokinetic influences or neuronal 

signaling networks. Most states enforce a legal driving limit for blood alcohol concentrations to 

0.08% or lower, which corresponds to approximately 17mM ethanol (Miller, 2013), suggesting 

that the reversal of tolerance does not require consumption of excessive amounts of alcohol or 

extremely high blood alcohol concentrations. This concentration of ethanol was also sufficient to 

reverse morphine tolerance in locus coeruleus neurons (Llorente et al., 2013), indicating that the 

mechanisms underlying the reversal of opioid tolerance are functional in multiple neuronal 

populations.  

To our knowledge, the effect of inhibiting PKC or its specific isoforms on oxycodone 

tolerance has not been investigated in DRG neurons. By applying the PKC inhibitor Bis XI in the 

internal pipette solution, we were able to demonstrate that inhibiting PKC in neurons exposed to 

oxycodone overnight led to a rapid reversal of tolerance, due to the continued response to a 3 µM 

oxycodone challenge.  Based on published IC50 calculations, this concentration of  Bis XI 

[100nM] selectively inhibits two isoforms: the conventional isoform, PKCα, and the novel 

isoform, PKCε,  with a 10-fold selectivity for PKCα over PKCε (Wilkinson et al., 1993). These 

isoforms have previously been identified as having important roles in maintaining opioid 
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tolerance and implicated to have potential interactions with ethanol (Bailey et al., 2006, 2009; 

Smith et al., 2007; Wilkie et al., 2007).  These data highlight the fact that like morphine, 

oxycodone tolerance mechanism(s) at the neuronal level contain a PKC-mediated component 

and can be reversed by direct and selective inhibition of PKCα and ε isoforms. Furthermore, the 

data suggest that ethanol reversal of oxycodone tolerance could also involve a PKC-mediated 

mechanism, particularly since inhibitors of other known ethanol targets (GABAA, NMDA 

receptors and L-type calcium channels) did not prevent reversal of morphine tolerance when 

tested in locus coeruleus neurons (Llorente et al., 2013).  

Our conclusions from these studies are that oxycodone similarly reduced dorsal root 

ganglia neuronal excitability with the same potency as reported for morphine, and that prolonged 

exposure led to tolerance at the level of a single neuron. The onset of these acute observations 

occurred within minutes and was µ-opioid receptor dependent. We found that concentrations of 

ethanol, equivalent to moderately intoxicating doses in humans, completely reversed oxycodone 

tolerance. Additionally, we showed that reversal of oxycodone tolerance is in part mediated by 

inhibition of PKC. Collectively these studies provide additional insight into the reversal 

mechanisms of oxycodone tolerance by ethanol, and that this phenomenon is neither limited to 

central neuron populations, nor requires external influences such as pharmacokinetic factors or 

intact neuronal networks. 
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Figure Legends 

Figure 1. Acute Oxycodone Reduced Neuronal Activity. (A) Raw Traces representing 

neuronal activity before and 10 minutes following 3 µM oxycodone, with the associated protocol 

showing stepwise increase in current injection corresponding to the initiation of action potentials 

(red bar) (B). (C) Initial action potential traces resulting from minimum necessary current 

injection before (black) and after (red) 3 µM oxycodone, along with dV/dt traces exhibiting 

extrapolation of threshold potential values.   

 
Figure 2. Co-administration of Naloxone or CTAP Blocked the Acute Effects of Oxycodone. 

DRG neurons were co-perfused with external solution containing 3 µM oxycodone and either 

300 nM naloxone (black) or 100 nM CTAP (blue) for ten minutes. Both naloxone (N = 2, n = 4) 

and CTAP (N = 2, n = 4) prevented the ability of 3 µM oxycodone to shift threshold potentials to 

a more positive value, as compared to acute oxycodone administration alone (p > 0.05, two-way 

repeated measures ANOVA with Bonferroni’s post-hoc test). Data represent individual changes 

in threshold potentials before (●)�and 10 minutes after (�) oxycodone exposure.  

 
Figure 3. Response to 3 µM Oxycodone in β-Arrestin2 WT and KO DRG Neurons With 

and Without Overnight Treatment with Oxycodone. A) Wild-type neurons incubated 

overnight in media treated with 10 μM oxycodone did not respond to a 3 μM oxycodone 

challenge, with no observed shift in threshold potential. B) Knockout neurons incubated 

overnight in media treated with 10 μM oxycodone continued to respond to a 3 μM oxycodone 

challenge (red), as seen by the increase in threshold potential. C) Threshold potential 

significantly increased in DRG neurons from Barr2 KO mice in response to 3 µM oxycodone 

challenge following overnight incubation with 10 µM oxycodone. Compared to WT neurons, 
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percent change in threshold potential from baseline values showed Barr2 KO DRG neurons 

increased nearly 40%. Data were collected every minute for 10 minutes and represented as mean 

± SEM (Barr2 KO: N = 5, n = 10; WT: N = 5, n = 8). Data were analyzed using two-way 

ANOVA with repeated measures, followed by Bonferroni’s post-hoc test, with significance at * p 

< 0.05. 

 
Figure 4. Tolerance Developed to Morphine in β-Arrestin2 WT, but not KO DRG Neurons. 

Threshold potential of 10 µM morphine-treated neurons from BARR2-KO mice, but not WT, 

was increased by 3 µM morphine-containing external solution. In BARR2-KO neurons (A, 

right), threshold potential was increased in contrast to WT (A, left). Morphine [3 µM] 

administered at time 0 led to increased threshold potential (B), which reached a plateau of 

approximately 20% increase 7 minutes after the administration in BARR2-KO. Data were 

collected every minute for 10 minutes and represented as the mean ± SEM (BARR2 KO: N=4, 

n=6, WT: N=4, n=6). Data were analyzed using two-way ANOVA with repeated measures, 

followed by Bonferroni’s post-hoc test, with significance at * p < 0.05. 

Figure 5. Dorsal Root Ganglia Neurons Remain Tolerant to Oxycodone following in vivo 

Single-day Tolerance Model. A) Wild-type mice (N = 4) were tested for the development of 

tolerance to oxycodone using a single-day tolerance model. Repeated injections of oxycodone 

(1.25 mg/kg, s.c.) led to a significantly reduced antinociceptive response compared to the acute 

response (paired two-tailed Student’s t-test, p < 0.05). B) Threshold potential of DRG neurons 

from oxycodone-tolerant mice. No shift in threshold potential was observed in response to a bath 

challenge of 3 �M oxycodone (n = 6) indicating that these neurons continued to demonstrate 

tolerance to oxycodone due to the repeated in-vivo treatment alone (paired two-tailed Student’s t-

test, p > 0.05). 
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Figure 6. Representative Traces: Ethanol Reversed Oxycodone Tolerance Following 

Overnight Exposure to 10 μM Oxycodone. Oxycodone tolerance was reversed by a 50 minute 

pretreatment with 20 mM ethanol, indicated by the shift in threshold potential following a 3 μM 

oxycodone challenge (red) compared to baseline (black).  

 

Figure 7. Control Threshold Potential Values. Control threshold potential values were 

recorded in the absence of oxycodone in neurons that were isolated and grown in untreated 

media. In naïve DRG neurons (N = 5, n = 8), threshold potential values at baseline and 10 

minutes later are displayed in the left column (no treatment) and demonstrate no changes 

occurred in neuronal excitability. To determine if ethanol alone altered threshold potential values 

in untreated DRG neurons, 20 mM ethanol (final) was added to the media for 50 minutes prior to 

recording on these neurons (N = 2, n = 7). Threshold potential values (shown in the middle 

column) were not affected by this ethanol pretreatment, as determined by no significant shift 

between values measured at baseline and 10 minutes following. Untreated DRG neurons that 

were exposed to the PKC inhibitor Bis XI [100 nM] via the internal solution (N = 1, n = 4) 

showed no significant differences in threshold potential values as shown in the right column 10 

minutes following baseline recordings. Data were analyzed via two-way repeated measures 

ANOVA with Bonferroni’s post-hoc test. For each control condition, p > 0.05.  

 

Figure 8. Representative Traces: Inhibition of PKC Reversed Oxycodone Tolerance 

Following Overnight Exposure to 10 μM Oxycodone. Oxycodone tolerance was reversed upon 

immediate exposure to 100 nM Bis XI, as indicated by the shift in threshold potential following a 

3 μM oxycodone challenge (red), compared to baseline (black). 
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Figure 9. Threshold Potentials in Response to 3 μM Oxycodone. Ten minutes following bath 

application of 3 μM oxycodone (Oxy) led to a significant increase in threshold potentials in 

untreated DRG neurons (**p < 0.01), and in neurons treated overnight with 10 μM oxycodone 

and either 20 mM ethanol (**p < 0.01) or 100 nM Bis XI (*p < 0.05). Data represent individual 

changes in threshold potentials before (●)� and 10 minutes after (�) oxycodone exposure. 

Statistical significance was considered if p < 0.05 following analysis by a Two-way repeated 

measures ANOVA with Bonferroni’s post-hoc test. Acute oxycodone data are the same as shown 

in Figure 2. 

 
Figure 10. Time-Dependent Response in Threshold Potentials to 3 μM Oxycodone. Onset of 

the observed effects of oxycodone occurred within minutes following initial bath exposure (A) 

and the mean percent change in threshold potential between time 0 and 10 minutes (B) was 

calculated and analyzed using repeated measures Two-way ANOVA with Bonferroni’s post hoc 

test. Threshold potentials increased in response to an external bath solution containing 3 μM 

oxycodone in untreated DRG neruons (□) (*p < 0.05; N = 7, n = 12), and in neurons pretreated 

with 10 μM oxycodone that were exposed to 20 mM ethanol (�) (*p < 0.05; N = 8, n = 12) or 

100 nM Bis XI (◊) (**p < 0.01; N = 3, n = 8).�Overnight treatment with 10 μM oxycodone (�) 

led to tolerance to the effects of 3 μM oxycodone (p > 0.05; N = 4, n = 6). No changes in 

threshold potential were observed over the 10 minute recording time in control neurons (�) that 

were not exposed to oxycodone (p > 0.05; N = 6, n = 8).  
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Tables  

Table 1: Active and Passive Cell Properties of Dorsal Root Ganglia Neurons in Response to 

3 μM Oxycodone. 

Changes in various parameters were analyzed at baseline (0 minutes) and 10 minutes following 

the application of an external solution containing 3 μM oxycodone. Pretreatment conditions are 

listed to the left of each + 3 μM oxycodone column and represent no overnight treatment 

(control), overnight treatment with 10 μM oxycodone, and overnight treatment with 10 μM

oxycodone and either a 50 minute 20 mM ethanol treatment or 100 nM Bis XI applied in the 

internal solution immediately prior to recording. Threshold potential (VThresh) was statistically 

significantly increased in response to oxycodone in all treatment groups except that which only 

received 10 μM oxycodone overnight. Action potential amplitude (AP Amp) was reduced 

following oxycodone challenge in all treatments except for 10 μM oxycodone overnight, but did 

not reach statistical significance. Membrane capacitance (CMem), resting membrane potential 

(VRest), peak action potential height (AP VPeak), rheobase and input resistance (RInput) were 

all unaffected by 3 μM oxycodone. Data are represented as average values ± SEM, minimum n = 

8 per group. Asterisks * (p < 0.05) and ** (p < 0.01) denote statistical significance following row 

analysis by two-way repeated measures ANOVA with Bonferroni’s post hoc test, comparing 

pretreatment baseline values to those following a 3 �M oxycodone challenge, for each treatment 

group. 
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Figure 2 
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Figure 3 
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Figure 6 
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Figure 7 
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Figure 8  

10 µM Oxycodone + Bis XI 
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Figure 9 
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