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Abstract 1 

Opioid-induced hyperalgesia (OIH) is a serious adverse event produced by opioid analgesics. Lack 2 

of an in vitro model has hindered study of its underlying mechanisms. Recent evidence has 3 

implicated a role of nociceptors in OIH. To investigate the cellular and molecular mechanisms of 4 

OIH in nociceptors, in vitro, subcutaneous administration of an analgesic dose of fentanyl 5 

(30 μg/kg, s.c.) was performed in vivo in male rats. Two days later, when fentanyl was administered 6 

intradermally (1 μg, i.d.), in the vicinity of peripheral nociceptor terminals, it produced mechanical 7 

hyperalgesia (OIH). Additionally, two days after systemic fentanyl, rats had also developed 8 

hyperalgesic priming (opioid-primed rats), long-lasting nociceptor neuroplasticity manifested as 9 

prolongation of prostaglandin E2 (PGE2) hyperalgesia. OIH was reversed, in vivo, by intrathecal 10 

administration of cordycepin, a protein translation inhibitor that reverses priming. When fentanyl 11 

(0.5nM) was applied to dorsal root ganglion (DRG) neurons, cultured from opioid-primed rats, it 12 

induced a mu-opioid receptor (MOR)-dependent increase in [Ca2+]i in 26% of small-diameter 13 

neurons and significantly sensitized (decreased action potential rheobase) weakly IB4-positive and 14 

IB4-negative neurons. This sensitizing effect of fentanyl was reversed in weakly IB4-positive DRG 15 

neurons cultured from opioid-primed rats after in vivo treatment with cordycepin, to reverse of 16 

OIH. Thus, in vivo administration of fentanyl induces nociceptor neuroplasticity, which persists in 17 

culture, providing evidence for the role of nociceptor MOR-mediated calcium signaling and 18 

peripheral protein translation, in the weakly IB4-binding population of nociceptors, in OIH. 19 
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Significance Statement 20 

Clinically used mu-opioid receptor agonists such as fentanyl can produce hyperalgesia and 21 

hyperalgesic priming. We report on an in vitro model of nociceptor neuroplasticity mediating this 22 

opioid-induced hyperalgesia (OIH) and priming, induced by fentanyl. Using this model, we have 23 

found qualitative and quantitative differences between cultured nociceptors from opioid naïve and 24 

opioid primed animals, and provide evidence for the important role of nociceptor MOR-mediated 25 

calcium signaling and peripheral protein translation, in the weakly IB4-binding population of 26 

nociceptors, in OIH. These findings provide information useful for the design of therapeutic 27 

strategies to alleviate OIH, a serious adverse event of opioid analgesics.28 
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Introduction 29 

Opioids remain amongst the most effective treatments for moderate-to-severe acute pain; and, 30 

are also used as a treatment for chronic pain syndromes, which affect about one third of the 31 

population in the US and Europe (Andersson et al., 1993; Johannes et al., 2010; Gaskin and Richard, 32 

2012; van Hecke et al., 2013; Nahin, 2015). However, in a substantial number of patients opioids 33 

produce serious adverse events, including opioid-induced hyperalgesia (OIH), a hypersensitivity to 34 

painful stimuli (hyperalgesia) and pain exacerbation. Although OIH can overlap with acute opioid 35 

tolerance and withdrawal, there is preclinical and clinical evidence that they are, at least in part, 36 

distinct entities (Angst and Clark, 2006; Silverman, 2009; Eisenberg et al., 2015; Yi and 37 

Pryzbylkowski, 2015; Roeckel et al., 2016; Weber et al., 2017). Clinically, OIH is associated with long 38 

term use in pain patients (Chu et al., 2006; Crofford, 2010; Fletcher and Martinez, 2014; Carullo et 39 

al., 2015) and opioid addicts (Compton et al., 2001; Compton et al., 2012). It can, however, develop 40 

in healthy human volunteers, even when opioids have been given on a short term basis, especially 41 

when a fentanyl class opioid is administered (Fishbain et al., 2009; Ruscheweyh et al., 2011; 42 

Mauermann et al., 2016); and, acutely after its administration for surgery (Yildirim et al., 2014; 43 

Chang et al., 2018). OIH, which can develop rapidly, and often goes unrecognized, may occur much 44 

more frequently than generally thought (Zylicz and Twycross, 2008). In preclinical models, a few 45 

doses of fentanyl, or a single dose of heroin, were sufficient to induce OIH (Laulin et al., 1998; 46 

Celerier et al., 2000). 47 

We have recently shown that depending on the opioid used, and its dose and route of 48 

administration, opioids are capable of inducing acute hyperalgesia, even after a single 49 

administration (Araldi et al., 2015, 2018b; Araldi et al., 2018c; Araldi et al., 2019; Ferrari et al., 50 
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2019). In particular, clinically used mu-opioid receptor (MOR) agonists, fentanyl (Araldi et al., 51 

2018c) and morphine (Araldi et al., 2019; Ferrari et al., 2019), as well as the highly selective MOR 52 

agonist, DAMGO (Araldi et al., 2015, 2017, 2018a), produce OIH and hyperalgesic priming, a form 53 

of nociceptor neuroplasticity characterized by a persistent increase in responsivity of nociceptors 54 

to proalgesic mediators (Ferrari et al., 2010; Joseph and Levine, 2010b; Alvarez et al., 2014; Araldi 55 

et al., 2015; Khomula et al., 2017). Recent evidence has implicated a role of the action of MOR 56 

agonists on primary afferent nociceptors in OIH (Corder et al., 2017). We have suggested a role of 57 

nociceptor calcium signaling in OIH (Araldi et al., 2018c). A MOR-independent modulation of 58 

voltage-gated calcium channels and acid-sensing ion channels (ASICs) has also been implicated 59 

(Iegorova et al., 2010; Chizhmakov et al., 2015; Zaremba and Ruiz-Velasco, 2019). Lack of an in vitro 60 

model of OIH has made it difficult to study its underlying mechanisms at the cellular level. 61 

We report on an in vitro model of OIH induced by systemic opioid administration. Fentanyl was 62 

administered in vivo, followed by: (a) fentanyl injected intradermally, at the nociceptor peripheral 63 

terminal, or (b) fentanyl applied in vitro on cultured DRG neurons. This has allowed us to examine 64 

in vitro correlates of OIH, including mechanisms that maintain OIH.  65 
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Materials and Methods 66 

Animals  67 

Experiments were performed on 220–420 g adult male Sprague–Dawley rats (Charles River 68 

Laboratories, Hollister, CA, USA). Experimental animals were housed three per cage, under a 12-69 

hour light/dark cycle, in a temperature- and humidity-controlled animal care facility at the 70 

University of California, San Francisco. Food and water were available ad libitum. Nociceptive 71 

testing was performed between 9:00 AM and 5:00 PM. Experimental protocols, which were 72 

approved by the Institutional Animal Care and Use Committee at the University of California, San 73 

Francisco, adhered to the National Institutes of Health Guide for the care and use of laboratory 74 

animals. Effort was made to minimize number of animals used and their suffering. 75 

 76 

Nociceptive threshold testing 77 

Mechanical nociceptive threshold was measured using an Ugo Basile Analgesymeter® (Randall-78 

Selitto paw-withdrawal device, Stoelting, Chicago, IL, USA), which applies a linearly increasing 79 

mechanical force to the dorsum of a rat’s hind paw, with a dome-shaped plinth, as previously 80 

described (Taiwo et al., 1989; Taiwo and Levine, 1989; Araldi et al., 2015; Ferrari and Levine, 2015; 81 

Araldi et al., 2017). Rats were placed in cylindrical acrylic restrainers that provide ventilation, and 82 

allow extension of the hind legs from lateral ports to assess nociceptive threshold, while 83 

minimizing restraint stress. To acclimatize rats to the testing procedure, they were placed in 84 

restrainers for 40 minutes prior to starting training sessions (3 consecutive days of training) and for 85 

30 minutes prior to experimental manipulations. Nociceptive threshold was defined as the force, in 86 

grams, at which the rat withdrew its paw. Baseline nociceptive threshold was defined as the mean 87 

of three readings taken before injection of test agents. In each experiment, only one paw per rat 88 
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was used. Each experiment was performed on a different group of rats (1 paw/rat in 6 rats/group). 89 

The individual performing behavioral experiments was blinded to the treatments rats received. 90 

 91 

Drugs and routes of administration 92 

The following compounds were used: cordycepin 5ʹ-triphosphate sodium salt (a protein translation 93 

inhibitor), CTOP (a MOR antagonist), fentanyl citrate salt (a MOR agonist), prostaglandin E2 (PGE2, a 94 

direct-acting nociceptor-sensitizing agent), SU6656 (a Src family kinase inhibitor), and U0126 (a 95 

MAPK/ERK inhibitor), all of which were purchased from Sigma-Aldrich (St. Louis, MO, USA). 96 

Stock solution of PGE2 (1 μg/μL) was prepared in 100% ethanol and additional dilutions made with 97 

physiological saline (0.9% NaCl), to prepare the final solution (100 ng/5 μL) used in experiments, 98 

yielding a final ethanol concentration of 2%. In vivo control experiments have previously shown 99 

that ethanol in this concentration had no effect on the mechanical threshold (Ferrari et al., 2016). 100 

Fentanyl and cordycepin were dissolved in saline. All other drugs were dissolved in 100% DMSO 101 

(Sigma-Aldrich) and further diluted in saline containing 2% Tween 80 (Sigma-Aldrich). The final 102 

concentration of DMSO and Tween 80 was 2%. 103 

Intradermal (i.d.) administration of fentanyl (1 μg/5 μL) and PGE2 (100 ng/5 μL) was performed on 104 

the dorsum of the hindpaw using a 30-gauge hypodermic needle adapted to a 50 μl Hamilton 105 

syringe by a segment of PE-10 polyethylene tubing (Becton Dickinson, San Jose, CA, USA). 106 

Intrathecal (i.t.) administration of cordycepin and the combination of SU6656 and U0126 were 107 

performed in rats briefly anesthetized with 2.5% isoflurane (Phoenix Pharmaceuticals, Burlingame, 108 

CA) in 97.5% O2, using a 29-gauge hypodermic needle (300 unit/μL syringe) inserted into the 109 

subarachnoid space, between the L4 and L5 vertebrae. The maximum intrathecal volume 110 

administered was 20 μL; cordycepin (4 μg) was dissolved in saline and injected intrathecally in a 111 
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volume of 20 μL; and, the intrathecal injection of the combination of SU6656 (10 μg) and U0126 112 

(10 μg) was performed in a volume of 10 μL each (Araldi et al., 2018c). Ten min after intrathecal 113 

treatments, fentanyl (1 μg/5 μL) was injected intradermally, on the dorsum of the hind paw. The 114 

intrathecal site of injection was confirmed by a sudden flick of the rat's tail, a reflex that is evoked 115 

by accessing the subarachnoid space followed by bolus injection (Mestre et al., 1994). 116 

Systemic (subcutaneous, s.c.) administration of fentanyl was performed at the nape of the neck 117 

(Araldi et al., 2018c). Rats received an injection of fentanyl (30 μg/kg, s.c.) diluted in saline and 118 

administered subcutaneously (100 μL/100 g body weight). 119 

 120 

Culture of DRG neurons 121 

Primary cultures of dorsal root ganglion (DRG) neurons were made from adult male Sprague-122 

Dawley rats (220 - 235 g), as described previously (Ferrari et al., 2016; Khomula et al., 2017; Araldi 123 

et al., 2018c; Ferrari et al., 2018). In brief, under isoflurane anesthesia, rats were decapitated, and 124 

the dorsum of the vertebral column surgically removed; L4 and L5 DRGs were rapidly extracted, 125 

bilaterally, chilled and desheathed in Hanks’ balanced salt solution (HBSS) on ice. Ganglia were 126 

then treated with 0.125% collagenase P (Worthington Biochemical Corporation, Lakewood, NJ, 127 

USA) in HBSS for 90 minutes at 37°C, and then treated with 0.25% trypsin (Worthington 128 

Biochemical Corporation) in calcium- and magnesium-free PBS (Invitrogen Life Technologies, 129 

Grand Island, NY USA) for 10 minutes, followed by three washes and then trituration in 130 

Neurobasal-A medium (Invitrogen Life Technologies) to produce a single-cell suspension. This 131 

suspension was centrifuged at 1000 RPM for 3 minutes and re-suspended in Neurobasal-A 132 

medium supplemented with 50 ng/mL nerve growth factor, 100 U/mL penicillin/streptomycin and 133 
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B-27 (Invitrogen Life Technologies). Cells were then plated on cover slips and incubated at 37°C in 134 

3.5% CO2 for at least 24 hours before use in experiments. 135 

 136 

Microscopy and fluorescence imaging 137 

The bright-field imaging system consisted of an inverted microscope (Eclipse TE-200, Nikon 138 

Instruments Inc, Melville, NY, USA) with epi-fluorescence using a xenon lamp (Lambda LS, Sutter 139 

Instruments Co., Novato, CA, USA) for excitation (Ferrari et al., 2018). Illumination was controlled 140 

by a Lambda 10-2 filter wheel and Lambda SC Smart Shutter controllers (Sutter Instruments Co.); 141 

an Andor Clara Interline CCD camera (Andor Technology Ltd., Belfast, UK) was used for high-142 

resolution digital image acquisition. MetaFluor software (Molecular Devices LLC, Sunnyvale, CA, 143 

USA) provided computer interface and controlled the whole system as well as being used for 144 

image processing. A Plan Fluor objective (20×UV, NA 0.50; Nikon Instruments Inc) was used for 145 

both fluorescent and transmitted light imaging with phase contrast illumination. 146 

 147 

In vitro recordings 148 

Cultured DRG neurons were used 24 to 96 hours after dissociation and plating, for in vitro 149 

experiments. At least three rats/culture preparation were used for each experimental series. 150 

Within the text, “n” refers to the number of neurons. Cells were identified as neurons by their 151 

double birefringent plasma membranes (Cohen et al., 1968; Landowne, 1993). While small, 152 

medium and large sized neurons were routinely observed in the same preparation, this study 153 

focused on cells with soma diameter less than 30 μm (small DRG neurons), predominantly 154 

representing C-type nociceptors (Harper and Lawson, 1985; Gold et al., 1996; Petruska et al., 155 
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2000; Petruska et al., 2002; Woolf and Ma, 2007). After mounting a coverslip in the recording 156 

chamber, the culture medium was replaced with Tyrode’s solution containing 140 mM NaCl, 4 mM 157 

KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM glucose, 10 mM HEPES, and adjusted to pH 7.4 with NaOH; 158 

osmolarity is 310 mOsm/kg (Ferrari et al., 2016; Khomula et al., 2017; Araldi et al., 2018c; Ferrari 159 

et al., 2018). Tyrode’s solution was used as external perfusion solution in the in vitro experiments. 160 

Fluorescent dyes and drugs used in vitro were diluted to their final concentration in this solution 161 

and applied. The volume of the recording chamber was 150 μL. The perfusion system was gravity-162 

driven at a flow rate of 0.5–1 mL/minute. All experiments were performed at room temperature, 163 

20–23°C. 164 

 165 

In vitro IB4-binding 166 

Cells were incubated in Tyrode's solution supplemented with 10 μg/ml IB4 conjugated to Alexa 167 

Fluor® 488 dye (Invitrogen Life Technologies) for 10–12 min, in the dark. After washout, 168 

fluorescent images were captured during the first 15 min of each experiment using a standard GFP 169 

filter set (Chroma Technology, Bellows Falls, VT, USA). Cells demonstrating bright fluorescence and 170 

a halo around the neuronal plasma membrane were recognized as IB4-positive (IB4+) (strongly 171 

positive, if intensity above 40% of maximum for the selected field of view, and weakly positive if 172 

intensity is in the range 20-40% of maximum), whereas those having intensity below 20% of 173 

maximum were considered as IB4-negative (IB4-) (Fang et al., 2006; Khomula et al., 2013; Ferrari 174 

et al., 2016; Khomula et al., 2017; Ferrari et al., 2018). 175 

 176 

 177 
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 178 

Calcium imaging 179 

Ratiometric calcium imaging was performed using the fluorescent calcium indicator dye fura-2 180 

acetoxymethyl ester (fura-2 AM) as previously described (Ferrari et al., 2016; Khomula et al., 2017; 181 

Araldi et al., 2018c). Briefly, neurons were loaded with 5 μM fura-2 AM by incubation for 20 min in 182 

the recording chamber. Then the chamber was perfused with Tyrode’s solution for 10 min before 183 

the beginning of the recording to allow for complete de-esterification of the fura-2 AM. 184 

Measurement of the intracellular concentration of free calcium ions ([Ca2+]i) was performed by 185 

ratiometric imaging. Fluorescence was excited at 340 and 380 nm for 2-10 ms, and the emitted 186 

light was long filtered at 520 nm using a standard Fura-2 filter set (Chroma Technology, Bellows 187 

Falls, VT, USA). Using MetaFluor software (Molecular Devices LLC, Sunnyvale, CA, USA) 188 

corresponding pairs of digital images were acquired every 1-10 s (depending on the rate of the 189 

examined process, to minimize UV exposure and excitotoxicity); the fluorescence ratio 190 

(F340/F380) was calculated on a pixel-by-pixel basis with background correction and averaged for 191 

the region of interest defined for each neuron. Fluorescence ratio was used to characterize [Ca2+]i 192 

without recalculation into concentration. 193 

 194 

In vitro patch-clamp electrophysiology 195 

Whole-cell patch-clamp recordings in current clamp mode were made to assess changes in the 196 

excitability of cultured DRG neurons. Commonly employed protocols or their minor modifications 197 

were used to elicit action potentials (AP) (Hendrich et al., 2013; Duzhyy et al., 2015; Saloman et al., 198 

2016; Viatchenko-Karpinski and Gu, 2016; Ferrari et al., 2018). 199 
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Recording electrodes were fabricated from borosilicate glass capillaries (0.84/1.5 mm i.d./o.d., 200 

Warner Instruments, LLC, Hamden, CT, USA) using a Flaming/Brown P-87 puller (Sutter Instrument 201 

Co., Novato, CA, USA). Recording electrode resistance was 5 MΩ after being filled with solution 202 

containing (in mM) 130 KCl, 10 HEPES, 10 EGTA, 1 CaCl2, 5 MgATP, and 1 Na-GTP, pH 7.2 (adjusted 203 

with Tris-base), 300 mOsm (measured by Wescor Vapro 5520 osmometer, ELITech Group, France) 204 

(Ferrari et al., 2018). Junction potential was not adjusted. Series resistance was below 20 MΩ at 205 

the end of recordings and was not compensated. Recordings were made with an Axon MultiClamp 206 

700 B amplifier, filtered at 10 kHz, and sampled at 20 kHz using Axon Digidata 1550B controlled by 207 

pCLAMP 10 software (all from Molecular Devices LLC, Sunnyvale, CA, USA). 208 

Holding current (in current clamp mode) was adjusted to maintain membrane potential at -70 mV. 209 

Capacitance, membrane input and access resistance was estimated before and 3–5 min after the 210 

application of drugs with the aid of amplifier circuitry (during a short switch to voltage clamp 211 

mode). 212 

Rheobase, the minimum magnitude of a current step that elicited an AP, was determined from a 213 

protocol using increasing square wave current pulses. To estimate rheobase, a series of current 214 

steps, with an initial step to -50 pA, followed by +200 pA increments (-50, +150, +350, …) was 215 

applied until APs were elicited. Then the protocol was adjusted to 5-6 pulses with step size of 5-216 

10% of the rheobase estimate (2-3 subthreshold stimuli and 2-3 with AP generation, in order to 217 

achieve precision and to avoid overstimulation/desensitization) and applied every 3 min (Ferrari et 218 

al., 2018). 219 

Drugs were applied at least 10 min after the establishment of whole cell configuration, when 220 

baseline current was stable. Change in rheobase, expressed as percentage decrease compared to a 221 
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pre-administration baseline, was used as a measure of drug-induced sensitization (Ferrari et al., 222 

2018). 223 

 224 

Data analysis 225 

All data are presented as mean ± SEM of n independent observations. Statistical comparisons were 226 

made using GraphPad Prism 7.0 statistical software (GraphPad Software Inc, San Diego, CA, USA). A 227 

p value < 0.05 was considered statistically significant. 228 

In behavioral experiments, the dependent variable was change in mechanical paw-withdrawal 229 

threshold. As described in the legends of figures 1-3, no significant difference was observed 230 

between mechanical nociceptive thresholds measured just before each consequent administration 231 

of test agents, used as corresponding baselines for their effects. The magnitude of each agent-232 

induced effect was expressed as percentage change of mechanical nociceptive thresholds from 233 

baseline. Average mechanical nociceptive threshold before systemic vehicle or fentanyl was 141 ± 234 

2 g (n = 54). 235 

Calcium imaging results are presented as magnitude of responses to test agent applications. The 236 

amplitude of response was measured as the difference between fluorescence ratio maximum, 237 

achieved during 5 min administration, and the pre-administration baseline. In electrophysiological 238 

experiments, change in rheobase, expressed as percentage decrease compared to a pre-239 

administration baseline, was used as a measure of fentanyl-induced increase of electrical 240 

excitability. 241 

As described in detail in the figure legends (or its description in the results), the following statistical 242 

tests were used: paired and unpaired Student's t test (Figure 1B), two-way repeated-measures 243 

ANOVA followed by Bonferroni’s post hoc test (Figure 1A, 2, and 3B), one-way ANOVA followed by 244 
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Bonferroni’s post hoc test (Figure 3A), D'Agostino and Pearson normality test (Figure 4B and 6), 245 

one-way ANOVA followed by Dunnet’s post hoc test (Figure 4B), two-sided Fisher's exact test 246 

(Figure 4B, 6, and 7A) and 2-test (Figure 7A) for proportions, two-way ANOVA followed by Sidak's 247 

post hoc test (Figure 5), two-way ANOVA followed by Holm-Sidak's post hoc test (Figure 7B). 248 
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Results 249 

Inhibition of protein translation reverses OIH 250 

We have previously demonstrated that several inflammatory mediators, which act as agonists at 251 

cell surface receptors on nociceptor (Aley et al., 2000; Reichling and Levine, 2009; Bogen et al., 252 

2012; Ferrari et al., 2013b; Ferrari et al., 2013a) and MOR agonists (e.g., DAMGO, fentanyl and 253 

morphine) (Araldi et al., 2015, 2017, 2018a; Araldi et al., 2018c; Ferrari et al., 2019), produce 254 

hyperalgesic priming, a form of nociceptor neuroplasticity thought to contribute to the transition 255 

from acute to chronic pain. A key feature of the primed nociceptor is that it responds to 256 

pronociceptive mediators, prototypically prostaglandin E2 (PGE2), with markedly enhanced and 257 

prolonged mechanical hyperalgesia (Aley et al., 2000; Parada et al., 2003b; Parada et al., 2005; 258 

Reichling and Levine, 2009; Ferrari et al., 2014; Araldi et al., 2015; Ferrari et al., 2016; Araldi et al., 259 

2017; Khomula et al., 2017; Araldi et al., 2018a; Araldi et al., 2018c; Ferrari et al., 2019). 260 

Intradermal MOR agonists, in a dose that does not affect mechanical nociceptive threshold in 261 

opioid naïve rats, induces robust hyperalgesia in rats previously treated systemically with a MOR 262 

agonist (Araldi et al., 2018a). 263 

We evaluated if the systemic administration of an analgesic dose of fentanyl (30 μg/kg), in vivo, 264 

produces nociceptor neuroplasticity. First, we examined if such treatment alone induces 265 

hyperalgesia (OIH). Rats were treated systemically with fentanyl (30 μg/kg s.c.) or vehicle (saline) 266 

and mechanical nociceptive threshold evaluated 1, 2 and 3 hours later. An increase in mechanical 267 

nociceptive threshold (analgesia) was observed 1 h after systemic fentanyl (Fig. 1A; F(1,10) = 23.0, p 268 

= 0.0007, when the mechanical nociceptive threshold is compared between vehicle- and fentanyl-269 

treated groups, 1 h after systemic administration; two-way repeated-measures ANOVA), with 270 

nociceptive threshold returning to pre-fentanyl baseline by 2 hours (Fig. 1A); hyperalgesia was not 271 
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detected. There is, however, evidence that opioids, including fentanyl, can induce hyperalgesia 1-2 272 

days after its initial administration (Laulin et al., 1998; Celerier et al., 2000). Therefore, the 273 

mechanical nociceptive threshold was also measured two days (48 h) after the initial systemic 274 

administration of vehicle or fentanyl, at which time it was not different from the baseline prior to 275 

the systemic treatment (Fig. 1A), indicating that neither acute nor delayed onset hyperalgesia 276 

developed after systemic administration of fentanyl. At this time point, when all detectable effects 277 

of systemic fentanyl on nociceptive threshold had dissipated, rats received an intradermal injection 278 

of fentanyl (1 μg), on the dorsum of the hind paw, and mechanical nociceptive threshold was 279 

evaluated at the injection site, 30 min later. Hyperalgesia induced by intradermal fentanyl (OIH) 280 

was observed in rats previously treated with systemic fentanyl (Fig. 1B; t(10) = 14.0, p < 0.0001, 281 

when the hyperalgesia in the vehicle- and fentanyl-treated groups is compared, 30 min after 282 

intradermal fentanyl; Student’s t test). Thus, by injecting fentanyl intradermally in rats previously 283 

treated with systemic fentanyl, we were able to demonstrate the presence of OIH, in vivo. These 284 

findings support the development of nociceptor neuroplasticity. Hence, we also evaluated for the 285 

presence of hyperalgesic priming associated with nociceptor neuroplasticity. 286 

To detect hyperalgesic priming, groups of rats that had been treated with systemic vehicle or 287 

fentanyl, 2 days prior, received an intradermal injection of PGE2 (100 ng) and the mechanical 288 

nociceptive threshold was evaluated 30 min and 4 h later. Hyperalgesia was present 30 min after 289 

injection of PGE2, in both groups (Fig. 2); however, hyperalgesia at the fourth hour, a characteristic 290 

of priming, was only present in the group previously treated with systemic fentanyl (Fig. 2; F(1,10) = 291 

113.0 , p < 0.0001, when the hyperalgesia in the vehicle- and fentanyl-treated groups is compared 292 

after at the 4th h after intradermal PGE2; two-way repeated-measures ANOVA). Thus, a systemic 293 
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analgesic dose of fentanyl (30 μg/kg s.c.) produces a form of neuroplasticity in nociceptors 294 

associated with OIH and hyperalgesic priming. Therefore, we denote these rats as fentanyl-primed. 295 

It is not known if the priming, which is characteristically observed along with OIH (Araldi et al., 296 

2015, 2017, 2018a, b; Araldi et al., 2018c; Ferrari et al., 2019), have shared mechanisms, or if they 297 

are just a parallel process. Recently, we distinguished two types of hyperalgesic priming, with 298 

distinct cellular mechanisms (Araldi et al., 2015). The maintenance of Type I priming is dependent 299 

on protein translation in nerve terminals (Ferrari et al., 2013b), while Type II depends on 300 

simultaneous activation of Src and mitogen-activated protein kinase (MAPK) (Araldi et al., 2017). 301 

Therefore, in the present study, we evaluated if OIH developed in fentanyl-primed rats, share 302 

maintenance mechanisms with Type I or Type II priming. 303 

Rats received systemic fentanyl (30 μg/kg s.c.), and two days later were treated intrathecally with 304 

vehicle, a protein translation inhibitor cordycepin (4 μg), or the combination of a Src (SU6656, 10 305 

μg) and MAPK (U0126, 10 μg) inhibitor, followed 10 min later, by intradermal fentanyl (1 μg). 306 

Mechanical nociceptive threshold was evaluated 30 min after intradermal fentanyl. In both the 307 

cordycepin- and the SU6656 + U0126-combination-treated groups, intradermal fentanyl did not 308 

induce hyperalgesia, when compared to the group treated with vehicle (Fig. 3A; F(2,15) = 57.0, p < 309 

0.0001, when the hyperalgesia in the vehicle-, SU6656 + U0126- and in the cordycepin-treated 310 

groups is compared 30 min after intradermal fentanyl; one-way ANOVA). However, 1 month after 311 

the intrathecal treatments, when fentanyl (1 μg) was again injected intradermally, it ability to 312 

produce hyperalgesia was still reversed in the group previously treated with cordycepin, but not in 313 

the vehicle- and SU6656 + U0126-treated groups (Fig. 3B; F(2,15) = 66.0, p < 0.0001, when the 314 

hyperalgesia in the vehicle-, SU6656 + U0126- and cordycepin-treated groups is compared 30 min 315 

after intradermal fentanyl; two-way repeated-measures ANOVA). These findings support the 316 
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suggestion that OIH, produced by intradermal fentanyl, in fentanyl-primed rats, share a mechanism 317 

with Type I priming (Ferrari et al., 2013b; Araldi et al., 2018c; Ferrari et al., 2019). It is also of note 318 

that neuroplasticity induced by systemic fentanyl was persistent (long-lasting) as revealed by the 319 

ability of intradermal fentanyl to induce hyperalgesia (OIH) even one month after its systemic 320 

administration. 321 

 322 

MOR-mediated increased [Ca2+]i in sensory neurons from primed rats 323 

Calcium signals play an important role in the regulation of neuronal function (Kostyuk and 324 

Verkhratsky, 1994; Berridge et al., 2000; Hagenston and Simonetti, 2014; Luarte et al., 2018; 325 

Bandura and Feng, 2019), including Type I hyperalgesic priming (Ferrari et al., 2013a; Araldi et al., 326 

2018c). Altered calcium signaling in nociceptors can reflect both neuronal plasticity and changes in 327 

electrophysiological properties, including sensitization (Shutov et al., 2006; Khomula et al., 2013; 328 

Yu et al., 2015; Pan et al., 2016). MOR agonists have been shown to produce calcium signals in DRG 329 

neurons, in vitro (Velazquez-Marrero et al., 2014). We recently demonstrated a MOR-mediated 330 

increase in cytosolic Ca2+ concentration ([Ca2+]i) in response to fentanyl (0.5 nM), in cultured small 331 

DRG neurons from opioid naïve rats (Araldi et al., 2018c). And, in vivo tests have provided evidence 332 

for a crucial role of calcium signaling in fentanyl-induced hyperalgesic priming (Araldi et al., 2018c). 333 

We tested the hypothesis that opioid-induced calcium signals in nociceptors, cultured after in vivo 334 

administration of fentanyl, differ from the calcium signals in nociceptors from opioid naïve animals, 335 

changes that could contribute to OIH. We performed calcium imaging experiments on cultured 336 

dorsal root ganglion (DRG) neurons isolated from animals that had received a single analgesic dose 337 

of fentanyl (30 μg/kg s.c.) 24 h before DRG isolation (primed group) or from opioid naïve animals 338 
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(control group). Based on our previous study (Araldi et al., 2018c), we used direct bath application 339 

of fentanyl (0.5 nM) to induce an increase in [Ca2+]i, in a Ca2+ containing extracellular solution. 340 

Fluorescence ratiometric calcium imaging of cultured neurons (preserving intracellular signaling 341 

pathways) was used to follow the time course of changes in [Ca2+]i reported as Fura-2 F340/F380 342 

fluorescence ratio (Fig. 4A). The maximal increase in [Ca2+]i, relative to baseline, during 5 min 343 

administration of fentanyl, was considered as response magnitude (Fig. 4B). Taking into account 344 

that hyperalgesic priming is dependent on nociceptors (Ferrari et al., 2010; Araldi et al., 2018c) we 345 

measured the [Ca2+]i response to fentanyl only in small DRG neurons (soma diameter < 30 μm), the 346 

main constituent of the C-type nociceptive population of primary sensory neurons (Harper and 347 

Lawson, 1985; Gold et al., 1996; Petruska et al., 2000; Petruska et al., 2002; Woolf and Ma, 2007). 348 

In neurons from the opioid naïve control group we only observed relatively small, normally 349 

distributed, increases in [Ca2+]i (0.0153 ± 0.0017 a.u., n=28, SD=0.0087). In contrast, responses in 350 

neurons from primed rats revealed much greater variability (0.031 ± 0.006 a.u., n=34; SD=0.038 is 351 

bigger than the mean itself) and had a distribution significantly different from Gaussian (D'Agostino 352 

and Pearson normality test: K2=35, p<0.0001). These responses could be separated visually into 353 

two subgroups: values close to responses in unprimed nociceptors and values at least three times 354 

bigger. We therefore set a threshold of 0.032 ([mean+2 × SD] in control), dividing the neurons from 355 

primed rats into responders (0.078 ± 0.017 a.u., SD=0.050 a.u., n=9 out of 34) and non-responders 356 

(0.0146 ± 0.0008 a.u., SD=0.004 a.u., n=25 out of 34); both were normally distributed. Responders 357 

from primed animals had significantly higher response magnitudes (F2,59 = 40, **** p < 0.0001, 358 

one-way ANOVA followed by Dunnett's post-hoc test vs “primed responders”: q59 = 8.4, adjusted p 359 

< 0.0001 for control; q59 = 8.4, adjusted p < 0.0001 for “primed non-responders”). Additionally, the 360 

fraction of responders (9/34 = 26%) among neurons from primed rats was significantly greater than 361 
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in the control group (0/28) (two-sided Fisher's exact test, p = 0.003). Thus, there are significant 362 

qualitative and quantitative differences in response to fentanyl, between cultured putative 363 

nociceptive small DRG neurons from opioid naïve and opioid primed animals. These findings 364 

provide proof of concept for our hypothesis that neuronal plasticity induced by administration of 365 

an analgesic dose of fentanyl, in vivo, persists in short term neuronal culture, as well as providing a 366 

model of neuroplasticity, “in a dish”, and in particular, with OIH as one of its manifestations. 367 

Since fentanyl is not a pure MOR agonist, to provide insight into the receptor at which fentanyl acts 368 

to induce enhanced Ca2+ responses in nociceptors cultured from primed animals, starting 10 min 369 

before recordings we incubated cells with the selective MOR antagonist CTOP (1 μM), followed by 370 

co-administration of CTOP with fentanyl. As a result of adding CTOP, no neurons were qualified as 371 

responders, with responses in all neurons from primed animals now forming a uniform distribution 372 

not significantly different from control or non-responders (Fig. 4). These findings support the 373 

suggestion of a critical role of nociceptor MORs in the enhanced Ca2+ responses to fentanyl in 374 

nociceptors from primed rats. Administration of vehicle, instead of fentanyl, to primed cultured 375 

neurons, produced responses with magnitudes close to ones in the CTOP treated group (no 376 

statistically significant difference, p = 0.97). And, no neurons qualified as responders, confirming 377 

that fentanyl was required to produce its MOR-mediated effects. Hence, enhanced Ca2+ responses 378 

in neurons from primed animals were not the result of an indirect effect, for instance from 379 

increased mechanical sensitivity of primed neurons to medium flow and switching solutions. 380 

 381 

Fentanyl increases excitability of sensory neurons from primed rats 382 
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Although changes in fentanyl-induced calcium signaling is important for hyperalgesic priming 383 

(Araldi et al., 2018c), these findings do not answer the fundamental question, does fentanyl 384 

sensitize DRG neurons cultured from primed animals, similar to what likely happens in vivo, based 385 

on OIH observed in our behavioral experiments (Fig. 1B)? To address this question we performed 386 

in vitro electrophysiological experiments to compare the effect of fentanyl on electrical excitability 387 

in sensory neurons from primed and control rats. Rheobase, the minimal sustained current 388 

required to generate an action potential (AP), was selected as a robust electrophysiological 389 

property reflecting neuronal electrical excitability (Hendrich et al., 2013; Duzhyy et al., 2015; 390 

Ferrari et al., 2018). Relative change in rheobase (% decrease) was used as a measure of the 391 

magnitude of sensitization (Ferrari et al., 2018). We previously demonstrated a contribution of 392 

peptidergic (predominantly IB4-negative) and IB4-binding (predominantly non-peptidergic) 393 

nociceptors, leading us to infer an important role of weakly IB4-positive DRG neurons, which are 394 

peptidergic (Fang et al., 2006), to opioid-induced priming (Araldi et al., 2015, 2018a; Araldi et al., 395 

2018c). We used in vitro IB4-labeling of live neurons undergoing electrophysiological recordings to 396 

separate small-diameter DRG neurons into three classes: strongly IB4-positive (non-peptidergic), 397 

weakly IB4-positive (peptidergic), and IB4-negative (peptidergic) (Petruska et al., 2000; Fang et al., 398 

2006; Woolf and Ma, 2007; Khomula et al., 2013; Khomula et al., 2017). The effect of fentanyl (0.5 399 

nM) on rheobase was then examined, comparing within and between classes of neurons from 400 

control and primed rats. 401 

In neurons from opioid naïve rats we found that fentanyl induced a significant decrease of 402 

rheobase in the class of strongly IB4-positive small-diameter DRG neurons (21 ± 7%, n=12), 403 

whereas in weakly IB4-positive and IB4-negative neurons rheobase was not significantly different 404 

from baseline (the corresponding changes of rheobase were 7 ± 9%, n=10 and 2 ± 7%, n=10) (Fig. 405 
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5). This finding suggests a nociceptor subtype-dependent neuronal sensitization by fentanyl in 406 

sensory neurons from opioid naïve rats, but only in the strongly IB4-positive, non-peptidergic 407 

subtype. 408 

The same experiments conducted in sensory neurons from primed rats, revealed significant 409 

sensitization in all classes of small-diameter DRG neurons. Rheobase was decreased by 28 ± 5% 410 

(n=10) in strongly IB4-positive, 30 ± 6% (n=10) in weakly IB4-positive and 27 ± 10% (n=10) in IB4-411 

negative small DRG neurons. Two-way ANOVA confirmed a statistically significant effect of group 412 

(i.e. priming in vivo versus naïve animals; F1,56 = 17, p=0.0001), but not IB4-binding class (F2,56 = 1.8, 413 

p=0.17) or their interaction (F2,56 = 2.3, p=0.11). Sidak's post hoc test demonstrated a statistically 414 

significant difference between primed and control groups, but only for IB4-negative (t56=2.8, 415 

adjusted p = 0.02) and weakly IB4-positive (t56=3.6, adjusted p = 0.002) neurons, as they were not 416 

sensitized in control but markedly sensitized in neurons from the primed group of rats. No 417 

significant difference was revealed for strongly IB4-positive neurons (t56=0.74, adjusted p = 0.85), 418 

suggesting they were not additionally sensitized after in vivo priming. 419 

Comparison between neuronal classes, within groups, by Sidak's post hoc test, confirmed a 420 

significant difference between strongly IB4-positive and weakly IB4-positive neurons under control 421 

conditions (t56=2.7, adjusted p = 0.03). In contrast, there was no significant difference between 422 

different IB4-binding classes under primed conditions. After merging all classes into a single primed 423 

group, average decrease of rheobase was 28 ± 4% (n=30). Since the combined group had a 424 

distribution significantly different from Gaussian (D'Agostino and Pearson normality test, K2 = 6.5, p 425 

= 0.04), we used an approach similar to our data analysis for the calcium imaging data; the 426 

combined primed group was split into two non-overlapping groups, non-responders (below 427 
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threshold 20%; range from -10 to 18%, average 8 ± 2%, n=12 out of 30, 40% of primed neurons) 428 

and responders (above the threshold; range from 23 to 64%, average 38 ± 3%, n=18 out of 30, 60% 429 

of primed neurons) (Fig. 6). Of note, the fraction of electrophysiologically defined responders was 430 

higher than the fraction of responders in calcium signaling (26%, 9 out of 34) (two-sided Fisher's 431 

exact test, p = 0.01). 432 

 433 

In vivo reversal of OIH reverses nociceptor fentanyl-induced hyperexcitability 434 

Our behavioral experiments demonstrated that intradermal fentanyl failed to induce hyperalgesia 435 

(OIH) in rats treated in vivo with intrathecal cordycepin, administered after systemic fentanyl, 436 

supporting the suggestion of in vivo reversal of the neuroplasticity responsible for OIH. To validate 437 

the proposed model of nociceptor neuroplasticity “in a dish”, we addressed if changes in neuronal 438 

calcium signaling and electrical excitability, which were found in vitro and attributed to the 439 

neuroplasticity induced by fentanyl in vivo, were eliminated in DRG neurons cultured from rats 440 

subjected to in vivo reversal of OIH by cordycepin (Fig. 3).  441 

Analysis of fentanyl-induced [Ca2+]i responses, in cultured small DRG neurons from rats that had 442 

been treated with intrathecal cordycepin, after a systemic analgesic dose of fentanyl, in vivo, in the 443 

same way as described in Fig. 3 (denoted as reversal group), was performed following the same 444 

protocol as established for comparison of control and fentanyl-primed groups of rats (see Fig. 4 445 

legend for details). Only 2 out of 33 neurons (6%) from the reversal group qualified as responders 446 

(Fig. 7A). Comparison with fractions of responders in control and primed groups revealed a 447 

statistically significant difference ( 2-test for 3 groups: p = 0.0025, 2 = 12, df = 2). The fraction of 448 

responders in the reversal group was lower than in the primed group, and not different from 449 
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control groups (two-sided Fisher's exact test, p = 0.044 for reversal vs primed groups, and p = 0.50 450 

for reversal vs control groups). These findings support the suggestion that reversal of OIH in vivo 451 

significantly diminishes changes in calcium signaling produced by in vitro fentanyl. 452 

Next, we evaluated, in vitro, the effect of fentanyl on electrical excitability in sensory neurons from 453 

the reversal group to compare with changes in excitability attributed to the effect of priming. Since 454 

the significant in vitro fentanyl-induced increase in excitability (decrease in rheobase) was 455 

observed only in weakly IB4-positive and IB4-negative neurons from in vivo fentanyl-primed rats, 456 

we considered only neurons from these two classes for the analysis of the effect of reversal of OIH 457 

in vivo on the in vitro electrophysiological properties of cultured nociceptors. The sensitization 458 

effect of fentanyl in vitro was abolished only in weakly IB4-positive neurons (ones involved in Type 459 

I hyperalgesic priming (Joseph and Levine, 2010b)) from the reversal group (Fig. 7B), where 460 

fentanyl did not produce any significant change in rheobase compared to baseline (similarly to 461 

what was observed in unprimed control conditions). In contrast, fentanyl still produced a 462 

significant decrease in rheobase in IB4-negative neurons from the reversal group, with magnitude 463 

similar to that in the primed group (Fig. 7B). Thus, reversal of OIH by in vivo cordycepin eliminated 464 

in vitro electrophysiological changes attributed to neuroplasticity induced by systemic fentanyl in 465 

weakly IB4-positive, but not in IB4-negative neurons. These findings support the suggestion that 466 

the development of OIH in fentanyl-primed animals occurs in the weakly IB4-positive nociceptors. 467 

In summary, we have demonstrated, in vivo, the existence of long-lasting nociceptor 468 

neuroplasticity induced by a single systemic administration of an analgesic dose of fentanyl. This 469 

neuroplasticity, which involves changes in nociceptor function, is responsible for hyperalgesia (OIH) 470 

as demonstrated by the subsequent intradermal exposure to fentanyl, bearing features of 471 
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hyperalgesic priming. Additionally, for the first time, we have provided an in vitro model for 472 

studying opioid-induced nociceptor neuroplasticity, with OIH as one of its “symptoms”. Using this 473 

model, we have provided evidence for the existence of specific changes in calcium signaling and 474 

electrophysiological properties of nociceptors, in their response to fentanyl, which correlate well 475 

with susceptibility to OIH and reversal of this susceptibility by cordycepin. As well, this combination 476 

of behavioral and in vitro cellular approaches allowed us to provide direct evidence for a role of 477 

weakly IB4-positive nociceptors in OIH, under conditions of fentanyl-induced neuroplasticity. 478 
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Discussion 479 

In the present study, we induced nociceptor neuroplasticity, in vivo, by systemic administration of 480 

a single high-analgesic dose of fentanyl. Two days later, when fentanyl was injected intradermally, 481 

it produced mechanical hyperalgesia (OIH), not observed in opioid naïve rats (Fig. 1B). A systemic 482 

effect of intradermal fentanyl was excluded by the absence of hyperalgesia in the contralateral 483 

hindpaw. Of note, in our previous studies, hyperalgesic priming was detected whenever OIH was 484 

present (Araldi et al., 2015, 2017, 2018a, b; Araldi et al., 2018c; Ferrari et al., 2019), leading us to 485 

propose that they share underlying mechanisms. 486 

Two forms of hyperalgesic priming have been reported. Type I develops after local administration 487 

of pronociceptive mediators, activation of protein kinase Cɛ (PKCɛ), and ryanodine-induced release 488 

of calcium from the endoplasmic reticulum (Parada et al., 2003a; Dina et al., 2008; Reichling and 489 

Levine, 2009; Ferrari et al., 2010; Alvarez et al., 2014; Ferrari et al., 2015b). Type I priming is 490 

maintained by protein translation in axons and dendrites (i.e., reversed by local administration of 491 

cordycepin or rapamycin) (Ferrari et al., 2013b; Ferrari et al., 2013a, 2014; Ferrari et al., 2015b), 492 

and occurs in IB4-positive, but not in IB4-negative (peptidergic) nociceptors (Joseph and Levine, 493 

2010b). Type II priming, induced by administration of the selective MOR agonist DAMGO, at the 494 

peripheral terminal of the nociceptor, relies on different mechanisms, including: MOR signaling in 495 

IB4-negative (peptidergic) nociceptors (Araldi et al., 2015) and reversal by the combination of a Src 496 

and MAPK inhibitor (Araldi et al., 2017, 2018a). Calcium signaling via ryanodine receptors has, 497 

however, been implicated in both fentanyl-induced Type I and Type II priming (Araldi et al., 2018c). 498 

MOR-dependent OIH and Type I priming are induced in the peripheral nociceptor terminal by local 499 

administration of a low dose of fentanyl (i.d. or i.t.) (Araldi et al., 2018c). Also, Type I priming 500 
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develops in the peripheral nociceptor terminal after systemic administration of high dose fentanyl 501 

(Araldi et al., 2018c). Therefore, we tested the hypothesis that OIH produced by an analgesic dose 502 

of systemic fentanyl, is mediated by the same mechanism that mediates Type I priming. 503 

Cordycepin, which reverses Type I priming (Ferrari et al., 2013b), permanently reversed OIH 504 

produced by intradermal fentanyl in rats primed with systemic fentanyl (Fig. 3). Thus, OIH 505 

produced by fentanyl shares a maintenance mechanism with Type I priming. While inhibition of 506 

protein translation can account for the permanent reversal of OIH (Fig. 3B), the onset of reversal 507 

could be due, in part to its ability to inhibit voltage gated sodium channels (Liu et al., 2017). While 508 

sharing maintenance mechanisms with Type I priming, induction and expression of hyperalgesic 509 

priming and OIH rely, at least in part, on different mechanisms, and are expressed in different 510 

populations of nociceptors (Araldi et al., 2015, 2018a; Araldi et al., 2018c). 511 

After exposure to fentanyl, in vitro, in a quarter of all putative nociceptors from the primed rats we 512 

observed a higher peak in [Ca2+]i (responders) than all responses in control nociceptors, which was 513 

similar in magnitude to the other 74% of neurons from primed rats (non-responders; Fig. 4). These 514 

results correlate with OIH in vivo, supporting the role of calcium signaling in OIH. Absence of 515 

responders after co-administration of the selective MOR antagonist CTOP with fentanyl, provides 516 

support for the action of fentanyl at MORs to induce calcium signals in responders (Fig. 4). This is 517 

also supported by our previous finding that OIH, induced by low dose fentanyl, and priming 518 

induced by low and high dose fentanyl, are dependent on both MOR and calcium release from 519 

endoplasmic reticulum (Araldi et al., 2018c). The fraction of responders, 26% of small-diameter 520 

DRG neurons, in our calcium imaging experiments, is compatible with the reported fraction of DRG 521 
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neurons, of all sizes, expressing MORs, which ranges from 21% to 39% (Ji et al., 1995; Schmidt et 522 

al., 2013; Bardoni et al., 2014; Corder et al., 2017). 523 

A versatile intracellular second messenger, Ca2+ is known to modulate neuronal function, 524 

producing both fast and slow/delayed changes in excitability (Hagenston and Simonetti, 2014; 525 

Zhang et al., 2014; Bernard-Marissal et al., 2018; Luarte et al., 2018; Bandura and Feng, 2019). 526 

However, since an increase in [Ca2+]i in response to fentanyl is not a direct measure of nociceptor 527 

sensitization, we also studied changes in electrical excitability, in vitro. Also, while our previous in 528 

vivo studies involved use of IB4- and SSP-saporin, neurotoxins for IB4-binding and peptidergic 529 

populations of neurons (Araldi et al., 2018c), the effect of both saporins on an overlapping class of 530 

nociceptors, weakly IB4-positive and peptidergic, complicates the interpretation of in vivo results. 531 

In contrast, the ability to identify weakly IB4-positive, strongly IB4-positive, and IB4-negative 532 

nociceptors immunohistochemically, in vitro, provides a unique opportunity to investigate 533 

nociceptor class-specific actions of fentanyl, especially for the weakly IB4-positive nociceptors. 534 

While fentanyl sensitized some DRG neurons from control rats, this only occurred in the strongly 535 

IB4-positive small-diameter DRG neurons. Of note, in this regard, MOR is expressed predominantly 536 

in peptidergic/TRPV1+ (almost all SP+ and/or TRPV1+ DRG neurons express MOR; among small-537 

diameter MOR+ DRG neurons 85% are TRPV1+ and only 8% IB4+) (Scherrer et al., 2009; Joseph and 538 

Levine, 2010a; Bardoni et al., 2014; Corder et al., 2017), supporting the suggestion that the 539 

observed sensitization of strongly IB4-positive nociceptors is not MOR-mediated, and therefore not 540 

associated with MOR-dependent OIH and fentanyl-induced priming (Araldi et al., 2018c; Ferrari et 541 

al., 2019). In contrast, priming of animals in vivo likely affected peptidergic sensory neurons (IB4-542 

negative and weakly IB4-positive) (Fang et al., 2006), whereas strongly IB4-positive, non-543 
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peptidergic, sensory neurons were not further sensitized (Fig. 5). Peptidergic nociceptors have 544 

been implicated in Type I and Type II priming, in behavioral experiments (Araldi et al., 2015, 2018a; 545 

Araldi et al., 2018c). Therefore, we suggest that IB4-negative and/or weakly IB4-positive 546 

nociceptors underlie neuroplasticity mediating OIH. 547 

Similar to our calcium signaling results, primed neurons can be non-overlappingly separated into 548 

responders and non-responders based on magnitude of their decrease in rheobase. The fraction of 549 

electrophysiologically defined responders (60%; Fig. 6) was roughly twice the fraction with 550 

enhanced calcium signal (26%; Fig. 4). This finding supports the suggestion that while sensitization 551 

could occur in neurons that did not exhibit a detectable increase in [Ca2+]i in response to fentanyl 552 

(calcium non-responders), there is currently no clear link between altered calcium signaling and 553 

acute sensitization produced by fentanyl, in vitro. Of note, in this regard, this sensitization can be 554 

mediated by PKCɛ, a calcium-independent kinase (Khasar et al., 1999; Aley et al., 2000; Parada et 555 

al., 2005; Reichling and Levine, 2009; Ferrari et al., 2015a) which is a MOR second messenger (Chu 556 

et al., 2010). At the same time, the fraction of responders, in excitability (60% of small diameter 557 

DRG neurons), may be greater than the upper limit of MOR-expressing DRG neurons (39% of DRG 558 

neurons of all sizes). This could be due to a contribution of a MOR-independent action of fentanyl 559 

on nociceptors in their acute sensitization, in vitro. One such target might be TLR4 (Watkins et al., 560 

2009; Stevens et al., 2013; Okudaira et al., 2016; Sun et al., 2019), activation of which produces 561 

OIH (unpublished observation). Redistribution and enhanced expression of MOR as part of 562 

neuroplasticity, is another possibility, as it has been shown to occur after inflammation and nerve 563 

injury (Ji et al., 1995; Kolesnikov et al., 2007; Schmidt et al., 2013). 564 
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Finally, in parallel with the reversal of OIH by cordycepin, in vivo (Fig. 3), in weakly IB4-positive 565 

neurons the sensitization effect of fentanyl was also reversed (Fig. 7). This finding supports the 566 

suggestion that it is the weakly IB4-positive nociceptors that underlie OIH.  567 

That not all patients who receive opioids develop OIH (Suzan et al., 2013) may be related to 568 

differences in levels of stress as well as genetic and/or developmental differences in stress axis 569 

responsiveness. Of note in this regard, OIH was found to be strongest in patients with the met/met 570 

catechol-O-methyltransferase polymorphism, responsible for markedly greater stress-induced 571 

increases in plasma levels of stress axis mediators (Jabbi et al., 2007; Jensen et al., 2009), patients 572 

with preoperative stress are more vulnerable to postoperative pain (Munafo and Stevenson, 2001); 573 

and, stress exacerbates OIH (Edwards et al., 2011; Laboureyras et al., 2014; Edwards et al., 2016). 574 

Stress also induces hyperalgesic priming (Khasar et al., 2009; Green et al., 2011). 575 

In summary, we have developed an in vitro model of OIH to investigate cellular and molecular 576 

mechanisms underlying neuroplasticity, induced by opioids, in vivo, at the level of the nociceptor. 577 

Our preclinical OIH model might have clinical relevance as while high dose fentanyl is often given 578 

during surgery, the lower doses administered postoperatively can be associated with OIH (Chia et 579 

al., 1999; Yildirim et al., 2014; Yi and Pryzbylkowski, 2015; Kim et al., 2018). Our findings provide 580 

support for the hypothesis that an analgesic dose of fentanyl, in vivo, induces nociceptor 581 

neuroplasticity, which persists in culture, and provides evidence for the important role of 582 

nociceptor MOR-mediated calcium signaling and peripheral protein translation, in the weakly IB4-583 

binding population of nociceptors, in OIH. 584 
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Figures legends 836 

Figure 1. Effect of fentanyl on mechanical nociceptive threshold. A. Male rats were treated 837 

systemically (subcutaneous, s.c.) with an analgesic dose of fentanyl (30 μg/kg, s.c.) or vehicle 838 

(saline, 100 μl/100 g body weight, s.c.). Mechanical nociceptive threshold was evaluated 1, 2, 3 and 839 

48 hours after each treatment. Systemic fentanyl induced analgesia measured 1 hour after 840 

administration (F1,10 = 23, *** p = 0.0007, when the mechanical nociceptive threshold was 841 

compared between vehicle and fentanyl, 1 hour after systemic administration; two-way repeated-842 

measures ANOVA followed by Bonferroni post hoc test). By 2 hours after systemic fentanyl no 843 

significant difference in nociceptive threshold was observed between vehicle- and fentanyl-treated 844 

rats. (n = 6 paws per group). B. A different group of rats was treated systemically with fentanyl (30 845 

μg/kg, s.c.) or vehicle (saline, s.c.). Two days later, fentanyl was injected intradermally (1 μg/5 μL), 846 

in both groups, to evaluate for the presence of OIH; the mechanical nociceptive threshold was 847 

evaluated 30 min after intradermal fentanyl. Nociceptive threshold before intradermal fentanyl 848 

was not different from systemic pre-treatment baselines (t5 = 0.41; p = 0.70, for the vehicle-treated 849 

group and, t5 = 0.17; p = 0.87, for the fentanyl-treated group; paired Student’s t test). In the group 850 

previously treated with systemic vehicle, intradermal fentanyl did not induce changes in the 851 

mechanical nociceptive threshold. However, intradermal fentanyl induced hyperalgesia (OIH) in 852 

the systemic fentanyl-treated group (t10 = 14, **** p < 0.0001, when the hyperalgesia in the groups 853 

was compared, 30 min after intradermal fentanyl; unpaired Student’s t test). (n = 6 paws per 854 

group) 855 

 856 

Figure 2. Systemic fentanyl induces hyperalgesic priming. Rats received vehicle (saline, s.c.) or an 857 

analgesic dose of fentanyl (30 μg/kg, s.c.). Forty-eight hours later, PGE2 (100 ng/5 μL) was injected 858 
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intradermally, on the dorsum of the hindpaw, and mechanical nociceptive threshold evaluated 30 859 

min and 4 hours later. Nociceptive threshold before intradermal injection of PGE2 was not different 860 

from pre-systemic fentanyl baseline (t5 = 1.6; p = 0.17, for the vehicle-treated group and, t5 = 0.70; 861 

p = 0.52, for the fentanyl-treated group; paired Student’s t test). PGE2 induced hyperalgesia, 30 min 862 

after injection, in both vehicle- and fentanyl-treated groups. However, prolongation of PGE2-863 

induced hyperalgesia, at the fourth hour, was present only in the group previously treated with 864 

fentanyl (F1,10 = 113, **** p < 0.0001; when the hyperalgesia in the vehicle- and fentanyl-treated 865 

groups is compared at the 4th hour after intradermal PGE2; two-way repeated-measures ANOVA 866 

followed by Bonferroni post hoc test). Thus, systemic administration of a single analgesic dose of 867 

fentanyl (30 μg/kg s.c.) induces hyperalgesic priming, as shown by subsequent prolongation of 868 

PGE2 hyperalgesia. (n = 6 paws per group) 869 

 870 

Figure 3. OIH is protein translation dependent. A. Rats were treated with fentanyl (30 μg/kg s.c.) 871 

subcutaneously. Forty-eight hours later, vehicle (20 μL), the combination of SU6656 (10 μg/10 μL) + 872 

U0126 (10 μg/10 μL) or cordycepin (4 μg/20 μL) was injected intrathecally, followed 10 min later by 873 

fentanyl (1 μg/5 μL), injected intradermally, on the dorsum of the hind paw. Mechanical 874 

nociceptive threshold was evaluated 30 min after intradermal fentanyl. In both the group treated 875 

with cordycepin and the group treated with the combination of SU6656 + U0126, intradermal 876 

fentanyl-induced hyperalgesia was blocked (F2,15 = 57, **** p < 0.0001; when the hyperalgesia in 877 

the vehicle-, in the SU6656 + U0126- and in the cordycepin-treated groups is compared 30 min 878 

after intradermal fentanyl; one-way ANOVA followed by Bonferroni post hoc test). B. One month 879 

after intrathecal treatment with vehicle, SU6656 + U0126 or cordycepin, fentanyl (1 μg/5 μL) was 880 

again injected intradermally and mechanical nociceptive threshold evaluated 30 min later. While 881 
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hyperalgesia induced by intradermal fentanyl was still reversed in the group treated with 882 

cordycepin (F2,15 = 66, **** p < 0.0001; when the hyperalgesia in the vehicle-, SU6656 + U0126-  883 

and the cordycepin-treated groups is compared 30 min after intradermal fentanyl; two-way 884 

repeated-measures ANOVA followed by Bonferroni post hoc test), in the groups treated with 885 

vehicle or the combination of SU6656 + U10126, intradermal fentanyl-induced hyperalgesia was 886 

present. These findings support the suggestion that intradermal fentanyl-induced hyperalgesia 887 

(OIH), in fentanyl-primed rats, is dependent on protein translation in the nociceptor, sharing a 888 

mechanism in common with Type I priming. (n = 6 paws per group). 889 

 890 

Figure 4. Fentanyl-induced Ca2+ signals in sensory neurons. Rats were primed in vivo by systemic 891 

administration of fentanyl (30 μg/kg s.c.) three days prior to the preparation of dorsal root 892 

ganglion (DRG) neuron cultures. In vitro recordings were made after 24 h in culture. Only small 893 

DRG neurons (soma diameter <30 μm; putative nociceptors) were considered for this analysis. A. 894 

Illustrative traces for time course of [Ca2+]i from each group, obtained by ratiometric calcium 895 

imaging with Fura-2 dye and reported as F340/F380 fluorescence ratio. The vertical gray arrow 896 

depicts the start of fentanyl (0.5 nM) (or vehicle for vehicle group) administration (bath 897 

application). Fentanyl remained in the perfusion chamber during recordings. Grey horizontal bar 898 

above the trace for the Primed CTOP group indicates presence of selective MOR antagonist CTOP 899 

(1 μM) in the recording chamber, starting 10 min before and continuing during fentanyl 900 

administration. B. Bars and dots show pooled magnitudes, mean and individual responses 901 

correspondingly, of maximum increase of the “F340/F380” ratio during the 5 min administration of 902 

fentanyl (0.5 nM) (or vehicle for “Primed, vehicle” group) compared to pre-administration baseline. 903 

The distribution of the response magnitudes of cells from primed animals (n = 34) did not pass 904 
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testing for normality and therefore was subdivided into two groups, responders (Primed resp, 9 905 

out of 34 neurons in the group, 26%) and non-responders (Primed no resp, 25 out of 34 neurons in 906 

the group, 74%), based on the magnitude of their response. A response magnitude of 0.032 was 907 

set as the threshold, based on the [mean+2 × SD] in the control group (shown as dash line). Both 908 

groups demonstrated normality after splitting into responders and non-responders. Enhanced Ca2+ 909 

responses in cultured neurons from primed animals were dependent on activation of MOR as 910 

revealed by significant attenuation when CTOP (1 μM) was co-administered with fentanyl (Primed 911 

CTOP bar). One-way ANOVA with Dunnet’s post-hoc test revealed a significant difference between 912 

primed responders and all other groups (**** p < 0.0001; F4,88 = 33). Number of cells in 913 

experimental groups: control n = 28; Primed vehicle n = 15; Primed CTOP n = 16; primed 914 

responders n = 9; primed non-responders n = 25. 915 

 916 

Figure 5. Fentanyl-induced sensitization of primed sensory neurons. Rats were primed by the 917 

systemic administration of fentanyl (30 μg/kg s.c.) three days prior to preparing neuronal cultures; 918 

recordings were made after 24 h in culture. Bars show pooled magnitudes of decrease in rheobase, 919 

relative to pre-administration baseline, 5 min after fentanyl (0.5 nM) was added to the perfusion 920 

chamber. Small DRG neurons from fentanyl-primed and control (opioid naïve) rats, depicted by the 921 

white and gray bars, correspondingly, were separated by IB4-binding intensity into strongly IB4-922 

positive, weakly IB4-positive and IB4-negative classes. In sensory neurons from opioid naïve 923 

animals, a significant fentanyl-induced decrease of rheobase was detected in strongly IB4-positive, 924 

but not in weakly IB4-positive and IB4-negative neurons. In contrast, in sensory neurons from 925 

primed rats, fentanyl decreased rheobase in all three classes of nociceptors, with no significant 926 

difference in magnitude between classes. Two-way ANOVA confirmed a statistically significant 927 
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effect of group (i.e. priming in vivo versus naïve animals; F1,56 = 17, p = 0.0001), but not IB4-binding 928 

class (F2,56 = 1.8, p = 0.17) or their interaction (F2,56 = 2.3, p = 0.11). Sidak's post hoc test 929 

demonstrated a statistically significant difference between primed and control groups for IB4-930 

negative (t56 = 2.8, * adjusted p = 0.02) and weakly IB4-positive (t56 = 3.6, ** adjusted p = 0.002), 931 

but not for strongly IB4-positive neurons (t56 = 0.74, adjusted p = 0.85). Number of cells in 932 

experimental groups: strongly IB4-positive in control n = 12, the other five bars n = 10. 933 

 934 

Figure 6. Fentanyl-induced decrease in rheobase in primed sensory neurons. A. Bars and dots 935 

show pooled magnitudes, mean and individual responses, respectively, of decrease in rheobase 936 

during the 5 min administration of fentanyl (0.5 nM), relative to pre-administration baseline, in all 937 

sensory neurons (regardless of IB4-binding status) from primed animals. Neuronal responses were 938 

split into non-responders and responders based on the magnitude of the fentanyl-induced 939 

decrease in rheobase with threshold selected at 20% (based on the visual gap in the distribution 940 

shown in B). Non-responders (below the threshold; noted as Non-Resp and depicted by white bar 941 

with gray squares) constituted 40% of neurons (n=12 out of 30), had average sensitization of 8 ± 942 

2%, ranging from -10 to +18%. Responders (above the threshold; noted as Resp and depicted by 943 

gray bar with white circles) constituted 60% of neurons (n=18 out of 30), had average sensitization 944 

of 38 ± 3%, ranging from 23 to 64%. Of note, responders and non-responders were found in all 945 

three IB4-binding classes of neurons cultured from primed animals. 946 

 947 

Figure 7. Effect of fentanyl on [Ca2+]i and rheobase in sensory neurons from cordycepin-treated 948 

primed rats. Rats were treated with systemic fentanyl (30 μg/kg s.c.) and two days later, 949 

cordycepin (4 μg/20 μL) was injected intrathecally (in the same way as described in Fig. 3). As 950 
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shown in behavioral experiments, this protocol eliminates the ability of intradermal fentanyl to 951 

induce hyperalgesia (OIH). The next day neuronal cultures were prepared; rats used for culture 952 

preparation did not receive intradermal fentanyl. The effect of fentanyl (0.5 nM) on calcium 953 

signaling (A) and electrical excitability (B) was examined in the same way as described in Figs. 4 954 

and 5, correspondingly, starting one day after preparation of neuronal culture. These results 955 

constitute the reversal groups in A and B. A. Bars and dots show pooled magnitudes, mean and 956 

individual responses correspondingly, in small DRG neurons from the reversal group (most right 957 

group) along with data for control and primed responders and non-responders, which were 958 

repeated from Fig. 4B for the purpose of comparison. The same threshold (0.032 a.u. as in Fig. 4B; 959 

shown as dash line) was used to split neurons from the reversal group into responders (n = 2) and 960 

non-responders (n = 31). Fractions of responders were significantly different between groups ( 2-961 

test for 3 groups: p = 0.0025, 2 = 12, df = 2). Effect of OIH reversal protocol was significant, 962 

compared to the primed group (two-sided Fisher's exact test, p = 0.044), supporting the suggestion 963 

that reversal of OIH in vivo significantly diminishes changes in calcium signaling produced by in 964 

vitro fentanyl. B. Bars show pooled magnitudes of decrease in rheobase, relative to pre-965 

administration baseline, 5 min after fentanyl (0.5 nM) was added to the perfusion chamber. Only 966 

weakly IB4-positive and IB4-negative neurons were considered for this analysis, as those were 967 

affected by fentanyl-induced priming (Fig. 5). Neurons from primed and control (opioid naïve) rats, 968 

depicted by the white and gray bars, correspondingly, were transferred from Fig. 5 for the purpose 969 

of comparison. Sensitization effect of in vitro fentanyl was abolished only in weakly IB4-positive 970 

neurons from the reversal group, whereas decrease in rheobase in IB4-negative neurons from the 971 

reversal group remained unattenuated, compared to the primed group (two-way ANOVA: F2,46 = 972 

9.9, p = 0.0003 for the effect of primed vs reversal condition; Holm-Sidak's post hoc test: 973 
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comparison within weakly IB4-positive neurons: t46 = 3.5, ** adjusted p = 0.003 for control vs 974 

primed; t46 = 0.70, adjusted p = 0.49 for control vs reversal; t46 = 2.3, * adjusted p = 0.047 for 975 

primed vs reversal; comparison within IB4-negative neurons: t46 = 2.8, # adjusted p = 0.025 for 976 

control vs primed; t46 = 2.6, # adjusted p = 0.025 for control vs reversal; t46 = 0.22, adjusted p = 0.83 977 

for primed vs reversal). Thus, cordycepin-induced reversal of OIH in vivo eliminated in vitro 978 

electrophysiological changes attributed to neuroplasticity induced by systemic fentanyl, only in 979 

weakly IB4-positive. Number of cells in experimental groups in A: control n = 28, primed 980 

responders n = 9 and primed non-responders n = 25, reversal n = 33; in B: control and primed 981 

groups n = 10 per IB4-binding class, reversal groups n = 6 per IB4-binding class. 982 
















