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Cellular/Molecular

In Vitro Nociceptor Neuroplasticity Associated with In Vivo
Opioid-Induced Hyperalgesia

X Eugen V. Khomula, X Dioneia Araldi, and Jon D. Levine
Departments of Medicine and Oral Surgery and Division of Neuroscience, University of California at San Francisco, San Francisco, California 94143

Opioid-induced hyperalgesia (OIH) is a serious adverse event produced by opioid analgesics. Lack of an in vitro model has hindered study
of its underlying mechanisms. Recent evidence has implicated a role of nociceptors in OIH. To investigate the cellular and molecular
mechanisms of OIH in nociceptors, in vitro, subcutaneous administration of an analgesic dose of fentanyl (30 �g/kg, s.c.) was performed
in vivo in male rats. Two days later, when fentanyl was administered intradermally (1 �g, i.d.), in the vicinity of peripheral nociceptor
terminals, it produced mechanical hyperalgesia (OIH). Additionally, 2 d after systemic fentanyl, rats had also developed hyperalgesic
priming (opioid-primed rats), long-lasting nociceptor neuroplasticity manifested as prolongation of prostaglandin E2 (PGE2 ) hyperal-
gesia. OIH was reversed, in vivo, by intrathecal administration of cordycepin, a protein translation inhibitor that reverses priming. When
fentanyl (0.5 nM) was applied to dorsal root ganglion (DRG) neurons, cultured from opioid-primed rats, it induced a �-opioid receptor
(MOR)-dependent increase in [Ca 2�]i in 26% of small-diameter neurons and significantly sensitized (decreased action potential rheo-
base) weakly IB4 � and IB4 � neurons. This sensitizing effect of fentanyl was reversed in weakly IB4 � DRG neurons cultured from
opioid-primed rats after in vivo treatment with cordycepin, to reverse of OIH. Thus, in vivo administration of fentanyl induces nociceptor
neuroplasticity, which persists in culture, providing evidence for the role of nociceptor MOR-mediated calcium signaling and peripheral
protein translation, in the weakly IB4-binding population of nociceptors, in OIH.
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Introduction
Opioids remain among the most effective treatments for mode-
rate-to-severe acute pain; and, are also used as a treatment for
chronic pain syndromes, which affect approximately one-third of
the population in the US and Europe (Andersson et al., 1993;
Johannes et al., 2010; Gaskin and Richard, 2012; van Hecke et al.,
2013; Nahin, 2015). However, in a substantial number of patients
opioids produce serious adverse events, including opioid-
induced hyperalgesia (OIH), a hypersensitivity to painful stimuli

(hyperalgesia) and pain exacerbation. Although OIH can overlap
with acute opioid tolerance and withdrawal, there is preclinical
and clinical evidence that they are, at least in part, distinct entities
(Angst and Clark, 2006; Silverman, 2009; Eisenberg et al., 2015; Yi
and Pryzbylkowski, 2015; Roeckel et al., 2016; Weber et al., 2017).
Clinically, OIH is associated with long term use in pain patients
(Chu et al., 2006; Crofford, 2010; Fletcher and Martinez, 2014;
Carullo et al., 2015) and opioid addicts (Compton et al., 2001,
2012). It can, however, develop in healthy human volunteers,
even when opioids have been given on a short-term basis, espe-
cially when a fentanyl class opioid is administered (Fishbain et al.,
2009; Ruscheweyh et al., 2011; Mauermann et al., 2016); and,
acutely after its administration for surgery (Yildirim et al., 2014;
Chang et al., 2018). OIH, which can develop rapidly, and often
goes unrecognized, may occur much more frequently than
generally thought (Zylicz and Twycross, 2008). In preclinical
models, a few doses of fentanyl, or a single dose of heroin, were
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Significance Statement

Clinically used �-opioid receptor agonists such as fentanyl can produce hyperalgesia and hyperalgesic priming. We report on an
in vitro model of nociceptor neuroplasticity mediating this opioid-induced hyperalgesia (OIH) and priming induced by fentanyl.
Using this model, we have found qualitative and quantitative differences between cultured nociceptors from opioid-naive and
opioid-primed animals, and provide evidence for the important role of nociceptor �-opioid receptor-mediated calcium signaling
and peripheral protein translation in the weakly IB4-binding population of nociceptors in OIH. These findings provide informa-
tion useful for the design of therapeutic strategies to alleviate OIH, a serious adverse event of opioid analgesics.
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sufficient to induce OIH (Laulin et al., 1998; Celerier et al.,
2000).

We have recently shown that depending on the opioid used,
and its dose and route of administration, opioids are capable of
inducing acute hyperalgesia, even after a single administration
(Araldi et al., 2015, 2018b,c, 2019; Ferrari et al., 2019). In partic-
ular, clinically used �-opioid receptor (MOR) agonists, fentanyl
(Araldi et al., 2018c) and morphine (Araldi et al., 2019; Ferrari et
al., 2019), as well as the highly selective MOR agonist, DAMGO
(Araldi et al., 2015, 2017, 2018a), produce OIH and hyperalgesic
priming, a form of nociceptor neuroplasticity characterized by a
persistent increase in responsivity of nociceptors to proalgesic medi-
ators (Ferrari et al., 2010; Joseph and Levine, 2010b; Alvarez et al.,
2014; Araldi et al., 2015; Khomula et al., 2017). Recent evidence has
implicated a role of the action of MOR agonists on primary afferent
nociceptors in OIH (Corder et al., 2017). We have suggested a role of
nociceptor calcium signaling in OIH (Araldi et al., 2018c). A MOR-
independent modulation of voltage-gated calcium channels and
acid-sensing ion channels (ASICs) has also been implicated (Iego-
rova et al., 2010; Chizhmakov et al., 2015; Zaremba and Ruiz-
Velasco, 2019). Lack of an in vitro model of OIH has made it difficult
to study its underlying mechanisms at the cellular level.

We report on an in vitro model of OIH induced by systemic
opioid administration. Fentanyl was administered in vivo, fol-
lowed by: (1) fentanyl injected intradermally, at the nociceptor
peripheral terminal, or (2) fentanyl applied in vitro on cultured
DRG neurons. This has allowed us to examine in vitro correlates
of OIH, including mechanisms that maintain OIH.

Materials and Methods
Animals. Experiments were performed on 220 – 420 g adult male Sprague
Dawley rats (Charles River Laboratories). Experimental animals were
housed three per cage, under a 12 h light/dark cycle in a temperature- and
humidity-controlled animal care facility at the University of California,
San Francisco. Food and water were available ad libitum. Nociceptive
testing was performed between 9:00 A.M. and 5:00 P.M. Experimental
protocols, which were approved by the Institutional Animal Care and
Use Committee at the University of California, San Francisco, adhered to
the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Effort was made to minimize number of animals used and their
suffering.

Nociceptive threshold testing. Mechanical nociceptive threshold was
measured using an Ugo Basile Analgesymeter (Randall-Selitto paw-
withdrawal device, Stoelting), which applies a linearly increasing me-
chanical force to the dorsum of a rat’s hindpaw, with a dome-shaped
plinth, as described previously (Taiwo and Levine, 1989; Taiwo et al.,
1989; Araldi et al., 2015, 2017; Ferrari and Levine, 2015). Rats were placed
in cylindrical acrylic restrainers that provide ventilation, and allow ex-
tension of the hind legs from lateral ports to assess nociceptive threshold,
while minimizing restraint stress. To acclimatize rats to the testing pro-
cedure, they were placed in restrainers for 40 min before starting training
sessions (3 consecutive days of training) and for 30 min before experi-
mental manipulations. Nociceptive threshold was defined as the force, in
grams, at which the rat withdrew its paw. Baseline nociceptive threshold
was defined as the mean of three readings taken before injection of test
agents. In each experiment, only one paw per rat was used. Each experi-
ment was performed on a different group of rats (1 paw/rat in 6 rats/
group). The individual performing behavioral experiments was blinded
to the treatments rats received.

Drugs and routes of administration. The following compounds were
used: cordycepin 5�-triphosphate sodium salt (a protein translation in-
hibitor), CTOP (a MOR antagonist), fentanyl citrate salt (a MOR ago-
nist), prostaglandin E2 (PGE2, a direct-acting nociceptor-sensitizing
agent), SU6656 (a Src family kinase inhibitor), and U0126 (a MAPK/ERK
inhibitor), all of which were purchased from Sigma-Aldrich.

Stock solution of PGE2 (1 �g/�l) was prepared in 100% ethanol and
additional dilutions made with physiological saline (0.9% NaCl), to pre-
pare the final solution (100 ng/5 �l) used in experiments, yielding a final
ethanol concentration of 2%. In vivo control experiments have previ-
ously shown that ethanol in this concentration had no effect on the
mechanical threshold (Ferrari et al., 2016). Fentanyl and cordycepin were
dissolved in saline. All other drugs were dissolved in 100% DMSO
(Sigma-Aldrich) and further diluted in saline containing 2% Tween 80
(Sigma-Aldrich). The final concentration of DMSO and Tween 80 was
�2%.

Intradermal administration of fentanyl (1 �g/5 �l) and PGE2 (100
ng/5 �l) was performed on the dorsum of the hindpaw using a 30-gauge
hypodermic needle adapted to a 50 �l Hamilton syringe by a segment of
PE-10 polyethylene tubing (BD Biosciences). Intrathecal administration
of cordycepin and the combination of SU6656 and U0126 were per-
formed in rats briefly anesthetized with 2.5% isoflurane (Phoenix Phar-
maceuticals) in 97.5% O2 using a 29-gauge hypodermic needle (300
unit/�l syringe) inserted into the subarachnoid space, between the L4
and L5 vertebrae. The maximum intrathecal volume administered was 20
�l; cordycepin (4 �g) was dissolved in saline and injected intrathecally in
a volume of 20 �l; and, the intrathecal injection of the combination of
SU6656 (10 �g) and U0126 (10 �g) was performed in a volume of 10 �l
each (Araldi et al., 2018c). Ten minutes after intrathecal treatments,
fentanyl (1 �g/5 �l) was injected intradermally, on the dorsum of the
hindpaw. The intrathecal site of injection was confirmed by a sudden
flick of the rat’s tail, a reflex that is evoked by accessing the subarachnoid
space followed by bolus injection (Mestre et al., 1994).

Systemic (subcutaneous) administration of fentanyl was performed at
the nape of the neck (Araldi et al., 2018c). Rats received an injection of
fentanyl (30 �g/kg, s.c.) diluted in saline and administered subcutane-
ously (100 �l/100 g body weight).

Culture of dorsal root ganglion (DRG) neurons. Primary cultures of
DRG neurons were made from adult male Sprague Dawley rats (220 –235
g), as described previously (Ferrari et al., 2016, 2018; Khomula et al.,
2017; Araldi et al., 2018c). In brief, under isoflurane anesthesia, rats were
decapitated, and the dorsum of the vertebral column surgically removed;
L4 and L5 DRGs were rapidly extracted, bilaterally, chilled and
desheathed in Hanks’ balanced salt solution (HBSS) on ice. Ganglia were
then treated with 0.125% collagenase P (Worthington Biochemical) in
HBSS for 90 min at 37°C, and then treated with 0.25% trypsin (Wor-
thington Biochemical) in calcium- and magnesium-free PBS (Invitrogen
Life Technologies) for 10 min, followed by three washes and then tritu-
ration in Neurobasal-A medium (Invitrogen Life Technologies) to pro-
duce a single-cell suspension. This suspension was centrifuged at 1000
RPM for 3 min and resuspended in Neurobasal-A medium supple-
mented with 50 ng/ml nerve growth factor, 100 U/ml penicillin/strepto-
mycin and B-27 (Invitrogen Life Technologies). Cells were then plated
on coverslips and incubated at 37°C in 3.5% CO2 for at least 24 h before
use in experiments.

Microscopy and fluorescence imaging. The bright-field imaging system
consisted of an inverted microscope (Eclipse TE-200, Nikon) with epi-
fluorescence using a xenon lamp (Lambda LS, Sutter Instruments ) for
excitation (Ferrari et al., 2018). Illumination was controlled by a Lambda
10 –2 filter wheel and Lambda SC Smart Shutter controllers (Sutter
Instruments); an Andor Clara Interline CCD camera (Andor Tech-
nology) was used for high-resolution digital image acquisition. Meta-
Fluor software (Molecular Devices) provided computer interface and
controlled the whole system as well as being used for image process-
ing. A Plan Fluor objective (20� UV, numerical aperture 0.50;
Nikon) was used for both fluorescent and transmitted light imaging
with phase contrast illumination.

In vitro recordings. Cultured DRG neurons were used 24 –96 h after
dissociation and plating, for in vitro experiments. At least three rats/
culture preparation were used for each experimental series. Within the
text, “n” refers to the number of neurons. Cells were identified as neurons
by their double birefringent plasma membranes (Cohen et al., 1968;
Landowne, 1993). Although small-, medium-, and large-sized neurons
were routinely observed in the same preparation, this study focused on
cells with soma diameter �30 �m (small DRG neurons), predominantly
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representing C-type nociceptors (Harper and Lawson, 1985; Gold et al.,
1996; Petruska et al., 2000, 2002; Woolf and Ma, 2007). After mounting a
coverslip in the recording chamber, the culture medium was replaced
with Tyrode’s solution containing 140 mM NaCl, 4 mM KCl, 2 mM MgCl2,
2 mM CaCl2, 10 mM glucose, 10 mM HEPES, and adjusted to pH 7.4 with
NaOH; osmolarity is 310 mOsm/kg (Ferrari et al., 2016, 2018; Khomula
et al., 2017; Araldi et al., 2018c). Tyrode’s solution was used as external
perfusion solution in the in vitro experiments. Fluorescent dyes and
drugs used in vitro were diluted to their final concentration in this solu-
tion and applied. The volume of the recording chamber was 150 �l. The
perfusion system was gravity driven at a flow rate of 0.5–1 ml/min. All
experiments were performed at room temperature, 20 –23°C.

In vitro IB4 binding. Cells were incubated in Tyrode’s solution supple-
mented with 10 �g/ml IB4 conjugated to Alexa Fluor 488 dye (Invitrogen
Life Technologies) for 10 –12 min in the dark. After washout, fluorescent
images were captured during the first 15 min of each experiment using a
standard GFP filter set (Chroma Technology). Cells demonstrating
bright fluorescence and a halo around the neuronal plasma membrane
were recognized as IB4 � (strongly positive, if intensity �40% of maxi-
mum for the selected field of view, and weakly positive if intensity is in the
range 20 – 40% of maximum), whereas those having intensity �20% of
maximum were considered IB4 � (Fang et al., 2006; Khomula et al., 2013,
2017; Ferrari et al., 2016, 2018).

Calcium imaging. Ratiometric calcium imaging was performed using
the fluorescent calcium indicator dye fura-2 acetoxymethyl ester (fura-2
AM) as described previously (Ferrari et al., 2016; Khomula et al., 2017;
Araldi et al., 2018c). Briefly, neurons were loaded with 5 �M fura-2 AM by
incubation for 20 min in the recording chamber. Then the chamber was
perfused with Tyrode’s solution for 10 min before the beginning of the
recording to allow for complete de-esterification of the fura-2 AM. Mea-
surement of the intracellular concentration of free calcium ions
([Ca 2�]i) was performed by ratiometric imaging. Fluorescence was ex-
cited at 340 and 380 nm for 2–10 ms, and the emitted light was long
filtered at 520 nm using a standard Fura-2 filter set (Chroma Technol-
ogy). Using MetaFluor software (Molecular Devices), corresponding
pairs of digital images were acquired every 1–10 s (depending on the rate
of the examined process, to minimize UV exposure and excitotoxicity);
the fluorescence ratio (F340/F380) was calculated on a pixel-by-pixel
basis with background correction and averaged for the region of interest
defined for each neuron. Fluorescence ratio was used to characterize
[Ca 2�]i without recalculation into concentration.

In vitro patch-clamp electrophysiology. Whole-cell patch-clamp re-
cordings in current-clamp mode were made to assess changes in the
excitability of cultured DRG neurons. Commonly used protocols or their
minor modifications were used to elicit action potentials (APs) (Hen-
drich et al., 2013; Duzhyy et al., 2015; Saloman et al., 2016; Viatchenko-
Karpinski and Gu, 2016; Ferrari et al., 2018).

Recording electrodes were fabricated from borosilicate glass capillaries
(0.84/1.5 mm i.d./o.d., Warner Instruments) using a Flaming/Brown
P-87 puller (Sutter Instrument). Recording electrode resistance was �5
M	 after being filled with solution containing (in mM) 130 KCl, 10
HEPES, 10 EGTA, 1 CaCl2, 5 MgATP, and 1 Na-GTP, pH 7.2 (adjusted
with Tris-base), 300 mOsm (measured by Wescor Vapro 5520 osmom-
eter, ELITech Group) (Ferrari et al., 2018). Junction potential was not
adjusted. Series resistance was �20 M	 at the end of recordings and was
not compensated. Recordings were made with an Axon MultiClamp 700
B amplifier, filtered at 10 kHz, and sampled at 20 kHz using Axon Digi-
data 1550B controlled by pCLAMP 10 software (all from Molecular
Devices).

Holding current (in current-clamp mode) was adjusted to maintain
membrane potential at �70 mV. Capacitance, membrane input and ac-
cess resistance was estimated before and 3–5 min after the application of
drugs with the aid of amplifier circuitry (during a short switch to voltage-
clamp mode).

Rheobase, the minimum magnitude of a current step that elicited an AP,
was determined from a protocol using increasing square wave current
pulses. To estimate rheobase, a series of current steps, with an initial step to
�50 pA, followed by �200 pA increments (�50, �150, �350, . . . ) was
applied until APs were elicited. Then the protocol was adjusted to 5– 6

pulses with step size of 5–10% of the rheobase estimate (2–3 subthreshold
stimuli and 2–3 with AP generation, to achieve precision and to avoid
overstimulation/desensitization) and applied every 3 min (Ferrari et al.,
2018).

Drugs were applied at least 10 min after the establishment of whole-
cell configuration, when baseline current was stable. Change in rheobase,
expressed as percentage decrease compared with a preadministration
baseline, was used as a measure of drug-induced sensitization (Ferrari et
al., 2018).

Data analysis. All data are presented as mean 
 SEM of n independent
observations. Statistical comparisons were made using GraphPad Prism
7.0 statistical software. A p-value �0.05 was considered statistically
significant.

In behavioral experiments, the dependent variable was change in me-
chanical paw-withdrawal threshold. As described in the legends of Fig-
ures 1, 2, and 3, no significant difference was observed between
mechanical nociceptive thresholds measured just before each conse-
quent administration of test agents, used as corresponding baselines for
their effects. The magnitude of each agent-induced effect was expressed
as percentage change of mechanical nociceptive thresholds from base-
line. Average mechanical nociceptive threshold before systemic vehicle
or fentanyl was 141 
 2 g (n � 54).

Calcium-imaging results are presented as magnitude of responses to
test agent applications. The amplitude of response was measured as the
difference between fluorescence ratio maximum achieved during 5 min
administration and the preadministration baseline. In electrophysiolog-
ical experiments, change in rheobase, expressed as percentage decrease
compared with a preadministration baseline, was used as a measure of
fentanyl-induced increase of electrical excitability.

As described in detail in the figure legends (or its description in the
results), the following statistical tests were used: paired and unpaired
Student’s t test (see Fig. 1B), two-way repeated-measures ANOVA fol-
lowed by Bonferroni’s post hoc test (see Figs. 1A, 2, and 3B), one-way
ANOVA followed by Bonferroni’s post hoc test (see Fig. 3A), D’Agostino
and Pearson normality test (see Figs. 4B and 6), one-way ANOVA fol-
lowed by Dunnet’s post hoc test (see Fig. 4B), two-sided Fisher’s exact test
(see Figs. 4B, 6, and 7A), and � 2 test (see Fig. 7A) for proportions, two-
way ANOVA followed by Sidak’s post hoc test (see Fig. 5), two-way
ANOVA followed by Holm-Sidak’s post hoc test (see Fig. 7B).

Results
Inhibition of protein translation reverses OIH
We have previously demonstrated that several inflammatory me-
diators, which act as agonists at cell surface receptors on nocice-
ptor (Aley et al., 2000; Reichling and Levine, 2009; Bogen et al.,
2012; Ferrari et al., 2013a,b) and MOR agonists (e.g., DAMGO,
fentanyl, and morphine) (Araldi et al., 2015, 2017, 2018a,c; Fer-
rari et al., 2019), produce hyperalgesic priming, a form of noci-
ceptor neuroplasticity thought to contribute to the transition
from acute to chronic pain. A key feature of the primed nocicep-
tor is that it responds to pronociceptive mediators, prototypically
prostaglandin E2 (PGE2), with markedly enhanced and prolonged
mechanical hyperalgesia (Aley et al., 2000; Parada et al., 2003b,
2005; Reichling and Levine, 2009; Ferrari et al., 2014, 2016, 2019;
Araldi et al., 2015, 2017, 2018a,c, 2019; Khomula et al., 2017).
Intradermal MOR agonists, in a dose that does not affect me-
chanical nociceptive threshold in opioid-naive rats, induces ro-
bust hyperalgesia in rats previously treated systemically with a
MOR agonist (Araldi et al., 2018a).

We investigated whether the systemic administration of an
analgesic dose of fentanyl (30 �g/kg) in vivo produces nociceptor
neuroplasticity. First, we determined whether such treatment
alone induces hyperalgesia (OIH). Rats were treated systemically
with fentanyl (30 �g/kg, s.c.) or vehicle (saline) and mechanical
nociceptive threshold evaluated 1, 2 and 3 h later. An increase in
mechanical nociceptive threshold (analgesia) was observed 1 h
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after systemic fentanyl (Fig. 1A; F(1,10) � 23.0, p � 0.0007, when
the mechanical nociceptive threshold is compared between
vehicle- and fentanyl-treated groups, 1 h after systemic adminis-
tration; two-way repeated-measures ANOVA), with nociceptive
threshold returning to prefentanyl baseline by 2 h (Fig. 1A); hy-
peralgesia was not detected. However, there is evidence that opi-
oids, including fentanyl, can induce hyperalgesia 1–2 d after its
initial administration (Laulin et al., 1998; Celerier et al., 2000).
Therefore, the mechanical nociceptive threshold was also mea-
sured 2 d (48 h) after the initial systemic administration of vehicle
or fentanyl, at which time it was not different from the baseline
before the systemic treatment (Fig. 1A), indicating that neither
acute nor delayed onset hyperalgesia developed after systemic
administration of fentanyl. At this time point, when all detectable
effects of systemic fentanyl on nociceptive threshold had dissi-
pated, rats received an intradermal injection of fentanyl (1 �g),
on the dorsum of the hindpaw, and mechanical nociceptive
threshold was evaluated at the injection site, 30 min later. Hyper-
algesia induced by intradermal fentanyl (OIH) was observed in
rats previously treated with systemic fentanyl (Fig. 1B; t(10) �
14.0, p � 0.0001, when the hyperalgesia in the vehicle- and
fentanyl-treated groups is compared, 30 min after intradermal
fentanyl; Student’s t test). Thus, by injecting fentanyl intrader-
mally in rats previously treated with systemic fentanyl, we were
able to demonstrate the presence of OIH in vivo. These findings
support the development of nociceptor neuroplasticity. There-
fore, we also evaluated for the presence of hyperalgesic priming
associated with nociceptor neuroplasticity.

To detect hyperalgesic priming, groups of rats that had been
treated with systemic vehicle or fentanyl, 2 d prior, received an
intradermal injection of PGE2 (100 ng) and the mechanical no-
ciceptive threshold was evaluated 30 min and 4 h later. Hyperal-
gesia was present 30 min after injection of PGE2, in both groups
(Fig. 2); however, hyperalgesia at the fourth hour, a characteristic
of priming, was only present in the group previously treated with
systemic fentanyl (Fig. 2; F(1,10) � 113.0, p � 0.0001, when the
hyperalgesia in the vehicle- and fentanyl-treated groups is com-
pared after at the fourth hours after intradermal PGE2; two-way
repeated-measures ANOVA). Thus, a systemic analgesic dose of
fentanyl (30 �g/kg, s.c.) produces a form of neuroplasticity in
nociceptors associated with OIH and hyperalgesic priming.
Therefore, we denote these rats as fentanyl primed.

It is not known whether the priming, which is characteristi-
cally observed along with OIH (Araldi et al., 2015, 2017,
2018a,b,c; Ferrari et al., 2019), have shared mechanisms or if they
are just a parallel process. Recently, we distinguished two types of
hyperalgesic priming, with distinct cellular mechanisms (Araldi
et al., 2015). The maintenance of type I priming is dependent on
protein translation in nerve terminals (Ferrari et al., 2013b),
while type II depends on simultaneous activation of Src and
mitogen-activated protein kinase (MAPK) (Araldi et al., 2017).
Therefore, in the present study, we investigated whether OIH
developed in fentanyl-primed rats shares maintenance mecha-
nisms with type I or type II priming.

Rats received systemic fentanyl (30 �g/kg, s.c.), and 2 d later
were treated intrathecally with vehicle, the protein translation
inhibitor cordycepin (4 �g), or the combination of an Src
(SU6656, 10 �g) and a MAPK (U0126, 10 �g) inhibitor, followed
10 min later by intradermal fentanyl (1 �g). Mechanical nocice-
ptive threshold was evaluated 30 min after intradermal fentanyl.
In both the cordycepin- and the SU6656 � U0126-combination-
treated groups, intradermal fentanyl did not induce hyperalgesia,
when compared with the group treated with vehicle (Fig. 3A;

F(2,15) � 57.0, p � 0.0001, when the hyperalgesia in the vehicle-,
SU6656 � U0126-, and in the cordycepin-treated groups is com-
pared 30 min after intradermal fentanyl; one-way ANOVA).
However, 1 month after the intrathecal treatments, when fenta-
nyl (1 �g) was again injected intradermally, it ability to produce
hyperalgesia was still reversed in the group previously treated
with cordycepin, but not in the vehicle- and SU6656 � U0126-
treated groups (Fig. 3B; F(2,15) � 66.0, p � 0.0001, when the
hyperalgesia in the vehicle-, SU6656 � U0126- and cordycepin-
treated groups is compared 30 min after intradermal fentanyl;
two-way repeated-measures ANOVA). These findings support
the suggestion that OIH, produced by intradermal fentanyl, in
fentanyl-primed rats, share a mechanism with type I priming
(Ferrari et al., 2013b, 2019; Araldi et al., 2018c).The neuroplas-
ticity induced by systemic fentanyl was persistent (long-lasting)
as revealed by the ability of intradermal fentanyl to induce hyper-
algesia (OIH) even 1 month after its systemic administration.

MOR-mediated increased [Ca 2�]i in sensory neurons from
primed rats
Calcium signals play an important role in the regulation of neu-
ronal function (Kostyuk and Verkhratsky, 1994; Berridge et al.,
2000; Hagenston and Simonetti, 2014; Luarte et al., 2018; Ban-
dura and Feng, 2019), including type I hyperalgesic priming (Fer-
rari et al., 2013a; Araldi et al., 2018c). Altered calcium signaling in
nociceptors can reflect both neuronal plasticity and changes in
electrophysiological properties, including sensitization (Shutov
et al., 2006; Khomula et al., 2013; Yu et al., 2015; Pan et al., 2016).
MOR agonists have been shown to produce calcium signals in
DRG neurons, in vitro (Velazquez-Marrero et al., 2014). We re-
cently demonstrated a MOR-mediated increase in cytosolic Ca 2�

concentration ([Ca 2�]i) in response to fentanyl (0.5 nM), in cul-
tured small DRG neurons from opioid-naive rats (Araldi et al.,
2018c). And in vivo tests have provided evidence for a crucial role
of calcium signaling in fentanyl-induced hyperalgesic priming
(Araldi et al., 2018c).

We tested the hypothesis that opioid-induced calcium signals
in nociceptors, cultured after in vivo administration of fentanyl,
differ from the calcium signals in nociceptors from opioid-naive
animals, changes that could contribute to OIH. We performed
calcium imaging experiments on cultured DRG neurons isolated
from animals that had received a single analgesic dose of fentanyl
(30 �g/kg, s.c.) 24 h before DRG isolation (primed group) or
from opioid-naive animals (control group). Based on our previ-
ous study (Araldi et al., 2018c), we used direct bath application of
fentanyl (0.5 nM) to induce an increase in [Ca 2�]i, in a Ca 2�

containing extracellular solution. Fluorescence ratiometric cal-
cium imaging of cultured neurons (preserving intracellular sig-
naling pathways) was used to follow the time course of changes in
[Ca 2�]i reported as Fura-2 F340/F380 fluorescence ratio (Fig.
4A). The maximal increase in [Ca 2�]i, relative to baseline during
5 min administration of fentanyl was considered as response
magnitude (Fig. 4B). Taking into account that hyperalgesic prim-
ing is dependent on nociceptors (Ferrari et al., 2010; Araldi et al.,
2018c) we measured the [Ca 2�]i response to fentanyl only in
small DRG neurons (soma diameter �30 �m), the main constit-
uent of the C-type nociceptive population of primary sensory
neurons (Harper and Lawson, 1985; Gold et al., 1996; Petruska et
al., 2000, 2002; Woolf and Ma, 2007).

In neurons from the opioid-naive control group, we only ob-
served relatively small, normally distributed, increases in [Ca 2�]i

(0.0153 
 0.0017 arbitrary units [a.u.], n � 28, SD � 0.0087). In
contrast, responses in neurons from primed rats revealed much
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greater variability (0.031 
 0.006 a.u., n � 34; SD � 0.038 is
bigger than the mean itself) and had a distribution significantly
different from Gaussian (D’Agostino and Pearson normality test:
K2 � 35, p � 0.0001). These responses could be separated visu-
ally into two subgroups: values close to responses in unprimed
nociceptors and values at least three times bigger. We therefore
set a threshold of 0.032 ([mean�2 � SD] in control), dividing the
neurons from primed rats into responders (0.078 
 0.017 a.u.,
SD � 0.050 a.u., n � 9 of 34) and nonresponders (0.0146 

0.0008 a.u., SD � 0.004 a.u., n � 25 of 34); both were normally
distributed. Responders from primed animals had significantly
higher response magnitudes (F(2,59) � 40, ****p � 0.0001, one-
way ANOVA followed by Dunnett’s post hoc test vs “primed re-
sponders”: q59 � 8.4, adjusted p � 0.0001 for control; q59 � 8.4,

Figure 1. Effect of fentanyl on mechanical nociceptive threshold. A, Male rats were treated
systemically (subcutaneous, s.c.) with an analgesic dose of fentanyl (30 �g/kg, s.c.) or vehicle
(saline, 100 �l/100 g body weight, s.c.). Mechanical nociceptive threshold was evaluated 1, 2,
3, and 48 h after each treatment. Systemic fentanyl induced analgesia measured 1 h after
administration (F(1,10) � 23, ***p � 0.0007, when the mechanical nociceptive threshold was
compared between vehicle and fentanyl, 1 h after systemic administration; two-way repeated-
measures ANOVA followed by Bonferroni post hoc test). By 2 h after systemic fentanyl no
significant difference in nociceptive threshold was observed between vehicle- and fentanyl-
treated rats. (n � 6 paws per group). B, A different group of rats was treated systemically with
fentanyl (30 �g/kg, s.c.) or vehicle (saline, s.c.). Two days later, fentanyl was injected intrad-
ermally (1 �g/5 �l), in both groups, to evaluate for the presence of OIH; the mechanical
nociceptive threshold was evaluated 30 min after intradermal fentanyl. Nociceptive threshold

4

before intradermal fentanyl was not different from systemic pretreatment baselines (t5 �0.41;
p � 0.70, for the vehicle-treated group and, t5 � 0.17; p � 0.87, for the fentanyl-treated
group; paired Student’s t test). In the group previously treated with systemic vehicle, intrader-
mal fentanyl did not induce changes in the mechanical nociceptive threshold. However, intra-
dermal fentanyl-induced hyperalgesia (OIH) in the systemic fentanyl-treated group (t10 � 14,
****p � 0.0001, when the hyperalgesia in the groups was compared, 30 min after intradermal
fentanyl; unpaired Student’s t test; n � 6 paws per group).

Figure 2. Systemic fentanyl induces hyperalgesic priming. Rats received vehicle (saline, s.c.)
or an analgesic dose of fentanyl (30 �g/kg, s.c.). Forty-eight hours later, PGE2 (100 ng/5 �l)
was injected intradermally on the dorsum of the hindpaw and mechanical nociceptive threshold
evaluated 30 min and 4 h later. Nociceptive threshold before intradermal injection of PGE2 was
not different from presystemic fentanyl baseline (t5 � 1.6; p � 0.17, for the vehicle-treated
group and, t5 � 0.70; p � 0.52, for the fentanyl-treated group; paired Student’s t test). PGE2

induced hyperalgesia, 30 min after injection, in both vehicle- and fentanyl-treated groups.
However, prolongation of PGE2-induced hyperalgesia, at the fourth hour, was present only in
the group previously treated with fentanyl (F(1,10) � 113, ****p � 0.0001; when the hyper-
algesia in the vehicle- and fentanyl-treated groups is compared at the fourth hour after intra-
dermal PGE2 ; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Thus,
systemic administration of a single analgesic dose of fentanyl (30 �g/kg, s.c.) induces hyper-
algesic priming, as shown by subsequent prolongation of PGE2 hyperalgesia. (n � 6 paws per
group).
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adjusted p � 0.0001 for “primed nonre-
sponders”). Additionally, the fraction of
responders (9/34 � 26%) among neurons
from primed rats was significantly greater
than in the control group (0/28) (two-
sided Fisher’s exact test, p � 0.003). Thus,
there are significant qualitative and quan-
titative differences in response to fentanyl,
between cultured putative nociceptive
small DRG neurons from opioid-naive
and opioid primed animals. These find-
ings provide proof of concept for our hy-
pothesis that neuronal plasticity induced
by administration of an analgesic dose of
fentanyl, in vivo, persists in short term
neuronal culture, as well as providing a
model of neuroplasticity, “in a dish,” and
in particular, with OIH as one of its
manifestations.

Because fentanyl is not a pure MOR
agonist, to provide insight into the recep-
tor at which fentanyl acts to induce en-
hanced Ca 2� responses in nociceptors
cultured from primed animals, starting 10
min before recordings we incubated cells
with the selective MOR antagonist CTOP
(1 �M), followed by coadministration of
CTOP with fentanyl. As a result of adding
CTOP, no neurons were qualified as re-
sponders, with responses in all neurons
from primed animals now forming a uni-
form distribution not significantly differ-
ent from control or nonresponders (Fig.
4). These findings support the suggestion
of a critical role of nociceptor MORs in the enhanced Ca 2� re-
sponses to fentanyl in nociceptors from primed rats. Administra-
tion of vehicle, instead of fentanyl, to primed cultured neurons,
produced responses with magnitudes close to ones in the CTOP
treated group (no statistically significant difference, p � 0.97).
And, no neurons qualified as responders, confirming that fenta-
nyl was required to produce its MOR-mediated effects. Hence,
enhanced Ca 2� responses in neurons from primed animals were
not the result of an indirect effect, for instance from increased
mechanical sensitivity of primed neurons to medium flow and
switching solutions.

Fentanyl increases excitability of sensory neurons from
primed rats
Although changes in fentanyl-induced calcium signaling is im-
portant for hyperalgesic priming (Araldi et al., 2018c), these find-
ings do not answer the fundamental question, does fentanyl
sensitize DRG neurons cultured from primed animals, similar to
what likely happens in vivo, based on OIH observed in our be-
havioral experiments (Fig. 1B)? To address this question we per-
formed in vitro electrophysiological experiments to compare the
effect of fentanyl on electrical excitability in sensory neurons
from primed and control rats. Rheobase, the minimal sustained
current required to generate an action potential (AP), was se-
lected as a robust electrophysiological property reflecting neuro-
nal electrical excitability (Hendrich et al., 2013; Duzhyy et al.,
2015; Ferrari et al., 2018). Relative change in rheobase (as the
percentage decrease) was used as a measure of the magnitude of
sensitization (Ferrari et al., 2018). We previously demonstrated a

contribution of peptidergic (predominantly IB4�) and IB4-
binding (predominantly nonpeptidergic) nociceptors, leading us
to infer an important role of weakly IB4� DRG neurons, which
are peptidergic (Fang et al., 2006), to opioid-induced priming
(Araldi et al., 2015, 2018a,c). We used in vitro IB4-labeling of live
neurons undergoing electrophysiological recordings to separate
small-diameter DRG neurons into three classes: strongly IB4�

(nonpeptidergic), weakly IB4� (peptidergic), and IB4� (pepti-
dergic) (Petruska et al., 2000; Fang et al., 2006; Woolf and Ma,
2007; Khomula et al., 2013, 2017). The effect of fentanyl (0.5 nM)
on rheobase was then examined, comparing within and between
classes of neurons from control and primed rats.

In neurons from opioid-naive rats, we found that fentanyl
induced a significant decrease of rheobase in the class of strongly
IB4� small-diameter DRG neurons (21 
 7%, n � 12), whereas
in weakly IB4� and IB4� neurons, rheobase was not significantly
different from baseline (the corresponding changes of rheobase
were 7 
 9%, n � 10 and 2 
 7%, n � 10) (Fig. 5). This finding
suggests a nociceptor subtype-dependent neuronal sensitization
by fentanyl in sensory neurons from opioid-naive rats, but only
in the strongly IB4�, nonpeptidergic subtype.

The same experiments conducted in sensory neurons from
primed rats revealed significant sensitization in all classes of
small-diameter DRG neurons. Rheobase was decreased by 28 

5% (n � 10) in strongly IB4�, 30 
 6% (n � 10) in weakly IB4�

and 27 
 10% (n � 10) in IB4� small DRG neurons. Two-way
ANOVA confirmed a statistically significant effect of group
(i.e., priming in vivo versus naive animals; F(1,56) � 17, p �
0.0001), but not IB4-binding class (F(2,56) � 1.8, p � 0.17) or

Figure 3. OIH is protein translation dependent. A, Rats were treated with fentanyl (30 �g/kg, s.c.) subcutaneously. Forty-eight
hours later, vehicle (20 �l), the combination of SU6656 (10 �g/10 �l) � U0126 (10 �g/10 �l) or cordycepin (4 �g/20 �l) was
injected intrathecally, followed 10 min later by fentanyl (1 �g/5 �l), injected intradermally, on the dorsum of the hindpaw.
Mechanical nociceptive threshold was evaluated 30 min after intradermal fentanyl. In both the group treated with cordycepin and
the group treated with the combination of SU6656 � U0126, intradermal fentanyl-induced hyperalgesia was blocked (F(2,15) �
57, ****p � 0.0001; when the hyperalgesia in the vehicle-, in the SU6656 � U0126- and in the cordycepin-treated groups is
compared 30 min after intradermal fentanyl; one-way ANOVA followed by Bonferroni’s post hoc test). B, One month after intra-
thecal treatment with vehicle, SU6656 � U0126, or cordycepin, fentanyl (1 �g/5 �l) was again injected intradermally and
mechanical nociceptive threshold evaluated 30 min later. Although hyperalgesia induced by intradermal fentanyl was still re-
versed in the group treated with cordycepin (F(2,15) � 66, ****p � 0.0001; when the hyperalgesia in the vehicle-, SU6656 �
U0126-, and cordycepin-treated groups was compared 30 min after intradermal fentanyl; two-way repeated-measures ANOVA
followed by Bonferroni post hoc test), in the groups treated with vehicle or the combination of SU6656 � U10126, intradermal
fentanyl-induced hyperalgesia was present. These findings support the suggestion that intradermal fentanyl-induced hyperalge-
sia (OIH) in fentanyl-primed rats is dependent on protein translation in the nociceptor, sharing a mechanism in common with type
I priming (n � 6 paws per group).
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their interaction (F(2,56) � 2.3, p �
0.11). Sidak’s post hoc test demonstrated
a statistically significant difference be-
tween primed and control groups, but
only for IB4 � (t56 � 2.8, adjusted p �
0.02) and weakly IB4 � (t56 � 3.6, ad-
justed p � 0.002) neurons, as they were
not sensitized in control but markedly
sensitized in neurons from the primed
group of rats. No significant difference
was revealed for strongly IB4 � neurons
(t56 � 0.74, adjusted p � 0.85), suggest-
ing they were not additionally sensitized
after in vivo priming.

Comparison between neuronal classes
within groups by Sidak’s post hoc test con-
firmed a significant difference between
strongly IB4� and weakly IB4� neurons
under control conditions (t56 � 2.7, ad-
justed p � 0.03). In contrast, there was no
significant difference between different
IB4-binding classes under primed condi-
tions. After merging all classes into a sin-
gle primed group, average decrease of
rheobase was 28 
 4% (n � 30). Beca-
use the combined group had a distribu-
tion significantly different from Gaussian
(D’Agostino and Pearson normality test,
K2 � 6.5, p � 0.04), we used an approach
similar to our data analysis for the calcium
imaging data; the combined primed
group was split into two nonoverlapping
groups, nonresponders (below threshold
20%; range from �10 to 18%, average 8 

2%, n � 12 of 30, 40% of primed neurons)
and responders (above the threshold;
range from 23 to 64%, average 38 
 3%,
n � 18 of 30, 60% of primed neurons)
(Fig. 6). Rhe fraction of electrophysiologi-
cally defined responders was higher than
the fraction of responders in calcium sig-
naling (26%, 9 of 34) (two-sided Fisher’s
exact test, p � 0.01).

In vivo reversal of OIH reverses
nociceptor fentanyl-induced
hyperexcitability

Our behavioral experiments demon-
strated that intradermal fentanyl failed
to induce hyperalgesia (OIH) in rats
treated in vivo with intrathecal cordyce-
pin, administered after systemic fenta-
nyl, supporting the suggestion of in vivo
reversal of the neuroplasticity responsi-
ble for OIH. To validate the proposed
model of nociceptor neuroplasticity “in
a dish,” we addressed if changes in neuro-
nal calcium signaling and electrical excit-
ability, which were found in vitro and
attributed to the neuroplasticity induced
by fentanyl in vivo, were eliminated in DRG
neurons cultured from rats subjected to in
vivo reversal of OIH by cordycepin (Fig. 3).

Figure 4. Fentanyl-induced Ca 2� signals in sensory neurons. Rats were primed in vivo by systemic administration of fentanyl
(30 �g/kg, s.c.) 3 d before the preparation of DRG neuron cultures. In vitro recordings were made after 24 h in culture. Only small
DRG neurons (soma diameter �30 �m; putative nociceptors) were considered for this analysis. A, Illustrative traces for time
course of [Ca 2�]i from each group, obtained by ratiometric calcium imaging with Fura-2 dye and reported as F340/F380 fluores-
cence ratio. The vertical gray arrow depicts the start of fentanyl (0.5 nM) (or vehicle for vehicle group) administration (bath
application). Fentanyl remained in the perfusion chamber during recordings. Gray horizontal bar above the trace for the Primed
CTOP group indicates presence of selective MOR antagonist CTOP (1 �M) in the recording chamber, starting 10 min before and
continuing during fentanyl administration. B, Bars and dots show pooled magnitudes, mean and individual responses correspond-
ingly, of maximum increase of the “F340/F380” ratio during the 5 min administration of fentanyl (0.5 nM) (or vehicle for “Primed, vehicle”
group) compared with preadministration baseline. The distribution of the response magnitudes of cells from primed animals (n�34) did
not pass testing for normality and therefore was subdivided into two groups, responders (Primed resp, 9 of 34 neurons in the group, 26%)
andnonresponders(Primednoresp,25of34neuronsinthegroup,74%),basedonthemagnitudeoftheir response.Aresponsemagnitude
of 0.032 was set as the threshold, based on the [mean�2 � SD] in the control group (shown as dash line). Both groups demonstrated
normality after splitting into responders and nonresponders. Enhanced Ca 2� responses in cultured neurons from primed animals were
dependent on activation of MOR as revealed by significant attenuation when CTOP (1�M) was coadministered with fentanyl (Primed CTOP
bar). One-way ANOVA with Dunnet’s post hoc test revealed a significant difference between primed responders and all other groups
(****p � 0.0001; F(4,88) � 33). Number of cells in experimental groups: control, n � 28; primed vehicle, n � 15; primed CTOP, n � 16;
primed responders, n � 9; primed nonresponders, n � 25.
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Analysis of fentanyl-induced [Ca 2�]i responses, in cultured
small DRG neurons from rats that had been treated with intra-
thecal cordycepin, after a systemic analgesic dose of fentanyl, in
vivo, in the same way as described in Figure 3 (denoted as reversal
group), was performed following the same protocol as estab-
lished for comparison of control and fentanyl-primed groups of
rats (see Fig. 4 legend for details). Only 2 of 33 neurons (6%) from
the reversal group qualified as responders (Fig. 7A). Comparison
with fractions of responders in control and primed groups re-
vealed a statistically significant difference (� 2 test for 3 groups:
p � 0.0025, � 2 � 12, df � 2). The fraction of responders in the
reversal group was lower than in the primed group, and not dif-
ferent from control groups (two-sided Fisher’s exact test, p �
0.044 for reversal vs primed groups, and p � 0.50 for reversal vs
control groups). These findings support the suggestion that re-
versal of OIH in vivo significantly diminishes changes in calcium
signaling produced by in vitro fentanyl.

Next, we evaluated in vitro the effect of fentanyl on electrical
excitability in sensory neurons from the reversal group to com-
pare with changes in excitability attributed to the effect of prim-
ing. Since the significant in vitro fentanyl-induced increase in
excitability (decrease in rheobase) was observed only in weakly
IB4� and IB4� neurons from in vivo fentanyl-primed rats, we

considered only neurons from these two classes for the analysis of
the effect of reversal of OIH in vivo on the in vitro electrophysio-
logical properties of cultured nociceptors. The sensitization effect
of fentanyl in vitro was abolished only in weakly IB4� neurons
(ones involved in type I hyperalgesic priming; Joseph and Levine,
2010b) from the reversal group (Fig. 7B), where fentanyl did not
produce any significant change in rheobase compared with base-
line (similarly to what was observed in unprimed control condi-
tions). In contrast, fentanyl still produced a significant decrease
in rheobase in IB4� neurons from the reversal group, with
magnitude similar to that in the primed group (Fig. 7B). Thus,
reversal of OIH by in vivo cordycepin eliminated in vitro electro-
physiological changes attributed to neuroplasticity induced by
systemic fentanyl in weakly IB4�, but not in IB4� neurons.
These findings support the suggestion that the development of
OIH in fentanyl-primed animals occurs in the weakly IB4�

nociceptors.
In summary, we have demonstrated, in vivo, the existence of

long-lasting nociceptor neuroplasticity induced by a single sys-
temic administration of an analgesic dose of fentanyl. This neu-
roplasticity, which involves changes in nociceptor function, is
responsible for hyperalgesia (OIH) as demonstrated by the sub-
sequent intradermal exposure to fentanyl, bearing features of hy-
peralgesic priming. Additionally, for the first time, we have
provided an in vitro model for studying opioid-induced nocice-
ptor neuroplasticity, with OIH as one of its “symptoms.” Using
this model, we have provided evidence for the existence of spe-
cific changes in calcium signaling and electrophysiological prop-
erties of nociceptors, in their response to fentanyl, which
correlate well with susceptibility to OIH and reversal of this sus-
ceptibility by cordycepin. As well, this combination of behavioral
and in vitro cellular approaches allowed us to provide direct evidence
for a role of weakly IB4� nociceptors in OIH under conditions of
fentanyl-induced neuroplasticity.

Discussion
In the present study, we induced nociceptor neuroplasticity, in
vivo, by systemic administration of a single high-analgesic dose of
fentanyl. Two days later, when fentanyl was injected intrader-
mally, it produced mechanical hyperalgesia (OIH) not observed
in opioid-naive rats (Fig. 1B). A systemic effect of intradermal
fentanyl was excluded by the absence of hyperalgesia in the con-
tralateral hindpaw. In our previous studies, hyperalgesic priming
was detected whenever OIH was present (Araldi et al., 2015, 2017,
2018a,b,c; Ferrari et al., 2019), leading us to propose that they
share underlying mechanisms.

Two forms of hyperalgesic priming have been reported. Type
I develops after local administration of pronociceptive media-
tors, activation of protein kinase C� (PKC�), and ryanodine-
induced release of calcium from the endoplasmic reticulum
(Parada et al., 2003a; Dina et al., 2008; Reichling and Levine,
2009; Ferrari et al., 2010, 2015b; Alvarez et al., 2014). Type I
priming is maintained by protein translation in axons and den-
drites (i.e., reversed by local administration of cordycepin or
rapamycin) (Ferrari et al., 2013a,b, 2014, 2015b), and occurs in
IB4�, but not in IB4� (peptidergic) nociceptors (Joseph and
Levine, 2010b). Type II priming, induced by administration of
the selective MOR agonist DAMGO, at the peripheral terminal of
the nociceptor, relies on different mechanisms, including: MOR
signaling in IB4� (peptidergic) nociceptors (Araldi et al., 2015)
and reversal by the combination of a Src and MAPK inhibitor
(Araldi et al., 2017, 2018a). Calcium signaling via ryanodine re-
ceptors has, however, been implicated in both fentanyl-induced

Figure 5. Fentanyl-induced sensitization of primed sensory neurons. Rats were primed by
the systemic administration of fentanyl (30 �g/kg, s.c.) 3 d before preparing neuronal cultures;
recordings were made after 24 h in culture. Bars show pooled magnitudes of decrease in rheo-
base, relative to preadministration baseline, 5 min after fentanyl (0.5 nM) was added to the
perfusion chamber. Small DRG neurons from fentanyl-primed and control (opioid-naive) rats,
depicted by the white and gray bars, correspondingly, were separated by IB4-binding intensity
into strongly IB4 �, weakly IB4 � and IB4 � classes. In sensory neurons from opioid-naive
animals, a significant fentanyl-induced decrease of rheobase was detected in strongly IB4 �,
but not in weakly IB4 � and IB4 � neurons. In contrast, in sensory neurons from primed rats,
fentanyl decreased rheobase in all three classes of nociceptors, with no significant difference in
magnitude between classes. Two-way ANOVA confirmed a statistically significant effect of
group (i.e., priming in vivo versus naive animals; F(1,56) � 17, p � 0.0001), but not IB4-binding
class (F(2,56) � 1.8, p � 0.17) or their interaction (F(2,56) � 2.3, p � 0.11). Sidak’s post hoc test
demonstrated a statistically significant difference between primed and control groups for IB4 �

(t56 � 2.8, * adjusted p � 0.02) and weakly IB4 � (t56 � 3.6, ** adjusted p � 0.002), but not
for strongly IB4 � neurons (t56 � 0.74, adjusted p � 0.85). Number of cells in experimental
groups: strongly IB4 � in control, n � 12; the other 5 bars, n � 10. n.s., statistically not
significant (p � 0.05).
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type I and type II priming (Araldi et al., 2018c). MOR-dependent
OIH and type I priming are induced in the peripheral nociceptor
terminal by local administration of a low dose of fentanyl (intra-
dermal or intrathecal) (Araldi et al., 2018c). Also, type I priming
develops in the peripheral nociceptor terminal after systemic ad-
ministration of high dose fentanyl (Araldi et al., 2018c). There-
fore, we tested the hypothesis that OIH produced by an analgesic
dose of systemic fentanyl, is mediated by the same mechanism
that mediates type I priming.

Cordycepin, which reverses type I priming (Ferrari et al.,
2013b), permanently reversed OIH produced by intradermal fen-
tanyl in rats primed with systemic fentanyl (Fig. 3). Thus, OIH
produced by fentanyl shares a maintenance mechanism with type
I priming. While inhibition of protein translation can account for
the permanent reversal of OIH (Fig. 3B), the onset of reversal
could be due, in part to its ability to inhibit voltage gated sodium
channels (Liu et al., 2017). While sharing maintenance mecha-
nisms with type I priming, induction and expression of hyperalge-
sic priming and OIH rely, at least in part, on different
mechanisms, and are expressed in different populations of noci-
ceptors (Araldi et al., 2015, 2018a,c).

After exposure to fentanyl in vitro, in one-fourth of all putative
nociceptors from the primed rats, we observed a higher peak in
[Ca 2�]i (responders) than all responses in control nociceptors,
which was similar in magnitude to the other 74% of neurons
from primed rats (nonresponders; Fig. 4). These results correlate
with OIH in vivo, supporting the role of calcium signaling in
OIH. Absence of responders after coadministration of the selec-
tive MOR antagonist CTOP with fentanyl, provides support for
the action of fentanyl at MORs to induce calcium signals in re-
sponders (Fig. 4). This is also supported by our previous finding
that OIH, induced by low dose fentanyl, and priming induced by

low and high dose fentanyl, are dependent
on both MOR and calcium release from
endoplasmic reticulum (Araldi et al.,
2018c). The fraction of responders, 26%
of small-diameter DRG neurons, in our
calcium imaging experiments, is compat-
ible with the reported fraction of DRG
neurons, of all sizes, expressing MORs,
which ranges from 21% to 39% (Ji et al.,
1995; Schmidt et al., 2013; Bardoni et al.,
2014; Corder et al., 2017).

A versatile intracellular second mes-
senger, Ca 2� is known to modulate neu-
ronal function, producing both fast and
slow/delayed changes in excitability (Ha-
genston and Simonetti, 2014; Zhang et al.,
2014; Bernard-Marissal et al., 2018; Lu-
arte et al., 2018; Bandura and Feng, 2019).
However, since an increase in [Ca 2�]i in
response to fentanyl is not a direct mea-
sure of nociceptor sensitization, we also
studied changes in electrical excitability,
in vitro. Also, while our previous in vivo
studies involved use of IB4- and SSP-
saporin, neurotoxins for IB4-binding
and peptidergic populations of neurons
(Araldi et al., 2018c), the effect of both
saporins on an overlapping class of noci-
ceptors, weakly IB4� and peptidergic,
complicates the interpretation of in vivo
results. In contrast, the ability to identify

weakly IB4�, strongly IB4�, and IB4� nociceptors immunohis-
tochemically, in vitro, provides a unique opportunity to investi-
gate nociceptor class-specific actions of fentanyl, especially for
the weakly IB4� nociceptors.

While fentanyl sensitized some DRG neurons from control
rats, this only occurred in the strongly IB4� small-diameter DRG
neurons. MOR is expressed predominantly in peptidergic/
TRPV1� (almost all SP� and/or TRPV1� DRG neurons express
MOR; among small-diameter MOR� DRG neurons 85% are
TRPV1� and only 8% IB4�) (Scherrer et al., 2009; Joseph and
Levine, 2010a; Bardoni et al., 2014; Corder et al., 2017), support-
ing the suggestion that the observed sensitization of strongly
IB4� nociceptors is not MOR-mediated, and therefore not asso-
ciated with MOR-dependent OIH and fentanyl-induced priming
(Araldi et al., 2018c; Ferrari et al., 2019). In contrast, priming of
animals in vivo likely affected peptidergic sensory neurons (IB4�

and weakly IB4�) (Fang et al., 2006), whereas strongly IB4�,
nonpeptidergic, sensory neurons were not further sensitized
(Fig. 5). Peptidergic nociceptors have been implicated in type I
and type II priming, in behavioral experiments (Araldi et al.,
2015, 2018a,c). Therefore, we suggest that IB4� and/or weakly
IB4� nociceptors underlie neuroplasticity mediating OIH.

Similar to our calcium signaling results, primed neurons can
be nonoverlappingly separated into responders and nonre-
sponders based on magnitude of their decrease in rheobase. The
fraction of electrophysiologically defined responders (60%; Fig.
6) was approximately twice the fraction with enhanced calcium
signal (26%; Fig. 4). This finding supports the suggestion that
while sensitization could occur in neurons that did not exhibit a
detectable increase in [Ca 2�]i in response to fentanyl (calcium
nonresponders), there is currently no clear link between altered
calcium signaling and acute sensitization produced by fentanyl,

Figure 6. Fentanyl-induced decrease in rheobase in primed sensory neurons. A, Bars and dots show pooled magnitudes,
mean and individual responses, respectively, of decrease in rheobase during the 5 min administration of fentanyl (0.5 nM)
relative to preadministration baseline in all sensory neurons (regardless of IB4-binding status) from primed animals.
Neuronal responses were split into nonresponders and responders based on the magnitude of the fentanyl-induced
decrease in rheobase with threshold selected at 20% (based on the visual gap in the distribution shown in B). Nonre-
sponders (below the threshold; noted as NonResp and depicted by white bar with gray squares) constituted 40% of neurons
(n � 12 of 30), had average sensitization of 8 
 2%, ranging from �10 to �18%. Responders (above the threshold;
noted as Resp and depicted by gray bar with white circles) constituted 60% of neurons (n � 18 of 30), had average
sensitization of 38 
 3%, ranging from 23 to 64%. Responders and nonresponders were found in all three IB4-binding
classes of neurons cultured from primed animals.
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in vitro. Of note, in this regard, this sensitization can be mediated
by PKC�, a calcium-independent kinase (Khasar et al., 1999; Aley
et al., 2000; Parada et al., 2005; Reichling and Levine, 2009; Fer-
rari et al., 2015a) which is a MOR second messenger (Chu et al.,
2010). At the same time, the fraction of responders, in excitability
(60% of small-diameter DRG neurons), may be greater than the
upper limit of MOR-expressing DRG neurons (39% of DRG neu-
rons of all sizes). This could be due to a contribution of a MOR-
independent action of fentanyl on nociceptors in their acute
sensitization, in vitro. One such target might be TLR4 (Watkins et
al., 2009; Stevens et al., 2013; Okudaira et al., 2016; Sun et al.,
2019), activation of which produces OIH (unpublished observa-
tion). Redistribution and enhanced expression of MOR as part of
neuroplasticity, is another possibility, as it has been shown to occur
after inflammation and nerve injury (Ji et al., 1995; Kolesnikov et al.,
2007; Schmidt et al., 2013).

Finally, in parallel with the reversal of OIH by cordycepin in
vivo (Fig. 3), in weakly IB4� neurons, the sensitization effect of
fentanyl was also reversed (Fig. 7). This finding supports the
suggestion that it is the weakly IB4� nociceptors that underlie
OIH.

That not all patients who receive opioids develop OIH (Suzan
et al., 2013) may be related to differences in levels of stress as well
as genetic and/or developmental differences in stress axis respon-
siveness. OIH was found to be strongest in patients with the
met/met catechol-O-methyltransferase polymorphism, which is
responsible for markedly greater stress-induced increases in
plasma levels of stress axis mediators (Jabbi et al., 2007; Jensen et
al., 2009). Patients with preoperative stress are more vulnerable
to postoperative pain (Munafo and Stevenson, 2001) and, stress
exacerbates OIH (Edwards et al., 2011, 2016; Laboureyras et al.,
2014). Stress also induces hyperalgesic priming (Khasar et al.,
2009; Green et al., 2011).

In summary, we have developed an in vitro model of OIH to
investigate cellular and molecular mechanisms underlying neu-
roplasticity, induced by opioids in vivo at the level of the nocice-
ptor. Our preclinical OIH model might have clinical relevance
because, although high-dose fentanyl is often given during sur-
gery, the lower doses administered postoperatively can be associ-
ated with OIH (Chia et al., 1999; Yildirim et al., 2014; Yi and
Pryzbylkowski, 2015; Kim et al., 2018). Our findings provide sup-
port for the hypothesis that an analgesic dose of fentanyl in vivo
induces long-lasting nociceptor neuroplasticity, which persists in
culture and provides evidence for the important role of nocicep-
tor MOR-mediated calcium signaling and peripheral protein
translation in the weakly IB4-binding population of nociceptors
in OIH.

Figure 7. Effect of fentanyl on [Ca 2�]i and rheobase in sensory neurons from cordycepin-
treated primed rats. Rats were treated with systemic fentanyl (30 �g/kg, s.c.) and, 2 d later,
cordycepin (4 �g/20 �l) was injected intrathecally (in the same way as described in Fig. 3). As
shown in behavioral experiments, this protocol eliminates the ability of intradermal fentanyl to
induce hyperalgesia (OIH). The next day neuronal cultures were prepared; rats used for culture
preparation did not receive intradermal fentanyl. The effect of fentanyl (0.5 nM) on calcium
signaling (A) and electrical excitability (B) was examined in the same way as described in
Figures 4 and 5, correspondingly, starting 1 d after preparation of neuronal culture. These
results constitute the reversal groups in A and B. A, Bars and dots show pooled magnitudes,
mean and individual responses correspondingly, in small DRG neurons from the reversal group
(most right group) along with data for control and primed responders and nonresponders,
which were repeated from Figure 4B for the purpose of comparison. The same threshold (0.032
a.u. as in Fig. 4B; shown as dash line) was used to split neurons from the reversal group into
responders (n � 2) and nonresponders (n � 31). Fractions of responders were significantly
different between groups (� 2 test for 3 groups: p � 0.0025, � 2 � 12, df � 2). Effect of OIH
reversal protocol was significant, compared with the primed group (two-sided Fisher’s exact
test, p � 0.044), supporting the suggestion that reversal of OIH in vivo significantly diminishes
changes in calcium signaling produced by in vitro fentanyl. B, Bars show pooled magnitudes of
decrease in rheobase, relative to preadministration baseline, 5 min after fentanyl (0.5 nM) was
added to the perfusion chamber. Only weakly IB4 � and IB4 � neurons were considered for this
analysis, as those were affected by fentanyl-induced priming (Fig. 5). Neurons from primed and
control (opioid-naive) rats, depicted by the white and gray bars, correspondingly, were trans-
ferred from Figure 5 for the purpose of comparison. Sensitization effect of in vitro fentanyl was
abolished only in weakly IB4 � neurons from the reversal group, whereas decrease in

4

rheobase in IB4 � neurons from the reversal group remained unattenuated, compared with the
primed group (two-way ANOVA: F(2,46) � 9.9, p � 0.0003 for the effect of primed vs reversal
condition; Holm-Sidak’s post hoc test: comparison within weakly IB4 � neurons: t46 � 3.5, **
adjusted p � 0.003 for control vs primed; t46 � 0.70, adjusted p � 0.49 for control vs reversal;
t46 �2.3, * adjusted p �0.047 for primed vs reversal; comparison within IB4 � neurons: t46 �
2.8, # adjusted p � 0.025 for control vs primed; t46 � 2.6, # adjusted p � 0.025 for control vs
reversal; t46 � 0.22, adjusted p � 0.83 for primed vs reversal). Thus, cordycepin-induced
reversal of OIH in vivo eliminated in vitro electrophysiological changes attributed to neuroplas-
ticity induced by systemic fentanyl, only in weakly IB4 �. Number of cells in experimental
groups in A: control, n � 28; primed responders, n � 9 and primed nonresponders n � 25,
reversal n � 33; in B: control and primed groups, n � 10 per IB4-binding class; reversal groups,
n � 6 per IB4-binding class. n.s., statistically not significant (p � 0.05).
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