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Fentanyl Induces Rapid Onset Hyperalgesic Priming: Type I
at Peripheral and Type II at Central Nociceptor Terminals

Dioneia Araldi, “Eugen V. Khomula, Luiz F. Ferrari, and “Jon D. Levine
Departments of Medicine and Oral Surgery, and Division of Neuroscience, University of California, San Francisco, California 94143

Systemic fentanyl induces hyperalgesic priming, long-lasting neuroplasticity in nociceptor function characterized by prolongation of
inflammatory mediator hyperalgesia. To evaluate priming at both nociceptor terminals, we studied, in male Sprague Dawley rats, the
effect of local administration of agents that reverse type I (protein translation) or type II [combination of Src and mitogen-activated
protein kinase (MAPK)] priming. At the central terminal, priming induced by systemic, intradermal, or intrathecal fentanyl was reversed
by the combination of Src and MAPK inhibitors, but at the peripheral terminal, it was reversed by the protein translation inhibitor.
Mu-opioid receptor (MOR) antisense prevented fentanyl hyperalgesia and priming. To determine whether type I and II priming occur in
the same population of neurons, we used isolectin B4 -saporin or [Sar’, Met(0,)"']-substance P-saporin to deplete nonpeptidergic or
peptidergic nociceptors, respectively. Following intrathecal fentanyl, central terminal priming was prevented by both saporins, whereas
that in peripheral terminal was not attenuated even by their combination. However, after intradermal fentanyl, priming in the peripheral
terminal requires both peptidergic and nonpeptidergic nociceptors, whereas that in the central terminal is dependent only on peptidergic
nociceptors. Pretreatment with dantrolene at either terminal prevented fentanyl-induced priming in both terminals, suggesting commu-
nication between central and peripheral terminals mediated by intracellular Ca** signaling. In vitro application of fentanyl increased
cytoplasmic Ca*" concentration in dorsal root ganglion neurons, which was prevented by pretreatment with dantrolene and naloxone.
Therefore, acting at MOR in the nociceptor, fentanyl induces hyperalgesia and priming rapidly at both the central (type II) and peripheral
(type I) terminal and this is mediated by Ca>" signaling.
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Fentanyl, acting at the u-opioid receptor (MOR), induces hyperalgesia and hyperalgesic priming at both the central and peripheral
terminal of nociceptors and this is mediated by endoplasmic reticulum Ca** signaling. Priming in the central terminal is type II,
whereas that in the peripheral terminal is type I. Our findings may provide useful information for the design of drugs with
improved therapeutic profiles, selectively disrupting individual MOR signaling pathways, to maintain an adequate long-lasting

control of pain. j

ignificance Statement

Introduction

Chronic pain is a major health issue that affects quality of life
markedly (Aronoff, 2016; Jackson et al., 2016; Maixner et al.,
2016; Roeckel et al., 2016; Turk et al., 2016). As much as 30—40%
of the United States population suffers from chronic pain at an
estimated cost of 560—635 billion dollars annually (Renfrey et al.,
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2003; Johannes et al., 2010; Roeckel et al., 2016). Although opi-
oids remain the most potent treatment for moderate to severe
pain, the increase in opioid prescriptions in the United States has
been accompanied by a sharp rise in the incidence of addiction
and opioid-related mortality and has produced an “opioid epi-
demic” (Volkow and McLellan, 2016). Opioids induce several
adverse effects such as analgesic tolerance, addiction, opioid-
induced hyperalgesia (OIH), and hyperalgesic priming (Chu et
al., 2008; Joseph et al., 2010; Lee et al., 2011; Araldi et al., 2015,
2017a, 2018; Trang et al., 2015; Roeckel et al., 2016).
Hyperalgesic priming, here referred as priming, is a form of
neuroplasticity in primary afferent nociceptors that has been
characterized by marked prolongation of prostaglandin E,
(PGE,)-induced mechanical hyperalgesia (Aley et al., 2000;
Reichling and Levine, 2009; Bogen et al., 2012; Ferrari et al., 2013,
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2015; Araldi et al., 2015, 2016a,b, 2017a, 2018; Khomula et al.,
2017). We have recently demonstrated a novel form of priming
(type 1), induced by repeated exposure to the w-opioid receptor
(MOR) selective agonist, DAMGO ([D-Ala? N-Me-Phe*, Gly>-
ol]-enkephalin acetate salt) (Joseph et al., 2010; Araldi et al.,
2015, 2017a, 2018) that occurs in isolectin B4 (IB4)-negative
(peptidergic) nociceptors (Araldi et al., 2018); this contrasts with
type I priming, which occurs in IB4-positive (nonpeptidergic)
(Joseph and Levine, 2010) nociceptors. Another distinguishing
feature of type II priming is that MOR agonist signaling switches
from being antihyperalgesic to inducing hyperalgesia, a model of
OIH (Joseph et al., 2010; Araldi et al., 2015, 2017a, 2018). OIH
has been demonstrated, not only in humans suffering from dif-
ferent types of pain, but also in healthy volunteers and opioid
addicts (Lee and Yeomans, 2014; Stoicea et al., 2015; Mauermann
et al., 2016). Because the fentanyl class of opioids are the ones
most frequently reported to induce OIH and can elicit OIH after
acute administration (Célerier et al., 2000; Richebé et al., 2005;
Célerier et al., 2006; Waxman et al., 2009), we studied the neuro-
biological basis of fentanyl-induced hyperalgesia and priming. In
contrast to DAMGO, acute administration of fentanyl induced
hyperalgesia and priming.

It has been demonstrated that activation of the ryanodine
receptor, which releases Ca*" from the endoplasmic reticulum
(ER) (Sutko et al., 1985; Fill and Copello, 2002; Khomula et al.,
2017) and induces Ca** signaling (Stutzmann and Mattson,
2011; Adasme et al., 2015; Futagi and Kitano, 2015; Evans et al.,
2016), is associated with neuroplasticity, including induction of
type I priming (Chen et al., 2015; Futagi and Kitano, 2015; Kho-
mula et al., 2017). Because MOR activation may also cause ER
stress and alter signal transduction (Aoe, 2015), we also evaluated
the involvement of Ca** signaling in fentanyl-induced priming
at the terminal opposite from fentanyl administration and deter-
mined whether it was type I or II and if it occurred in nonpepti-
dergic or peptidergic nociceptors.

Materials and Methods

Animals

All experiments were performed on 220—420 g adult male Sprague Daw-
ley rats (Charles River Laboratories). 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 were approved
by the Institutional Animal Care and Use Committee at the University of
California at San Francisco and adhered to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals. Effort was made
to minimize the number of animals used and their suffering.

Testing mechanical nociceptive threshold

Mechanical nociceptive threshold was quantified using an Ugo Basile
Analgesymeter® [Randall-Selitto paw-withdrawal device (Stoelting)],
which applies a linearly increasing mechanical force to the dorsum of the
rat’s hindpaw, as described previously (Taiwo and Levine, 1989; Taiwo et
al., 1989; Araldi et al., 2015, 2017a, 2018; Ferrari and Levine, 2015). Rats
were placed in cylindrical acrylic restrainers designed to provide ventila-
tion, allow extension of the hind leg from lateral ports in the cylinder
during the assessment of nociceptive threshold, and minimize restraint
stress. To acclimatize rats to the testing procedure, they were placed in a
restrainer for 1 h before starting each training session (3 consecutive days
of training, once a day) and for 30 min before experimental manipula-
tions. The nociceptive threshold was defined as the force, in grams, at
which the rat withdrew its paw. Baseline paw-pressure nociceptive
threshold was defined as the mean of the three readings taken before test
agents were injected. To minimize experimenter bias, individuals con-
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ducting the behavioral experiments (D.A. and L.F.F) were blinded to
experimental interventions.

Drugs and their administration

The following compounds were used in this study: cordycepin 5'-
triphosphate sodium salt (a protein translation inhibitor), dantrolene
sodium salt (a ryanodine receptor blocker that prevents calcium release
from the endoplasmic reticulum), fentanyl citrate salt (a MOR agonist),
naloxone (a opioid receptor antagonist), PGE, (a direct-acting hyperal-
gesic agent that sensitizes nociceptors), SU 6656 (a Src family kinase
inhibitor), and U0126 (a MAPK/ERK inhibitor), all of which were from
Sigma-Aldrich.

The stock solution of PGE, (1 ug/ul) was prepared in 10% ethanol and
additional dilutions made with physiological saline (0.9% NaCl), yield-
ing a final ethanol concentration <1%. Fentanyl, cordycepin, and nal-
oxone 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 drug administration was performed on the dorsum of the
hindpaw using a 30-gauge hypodermic needle adapted to a 50 ul Ham-
ilton syringe by a segment of PE/10 polyethylene tubing (Becton Dickin-
son). The combination of SU 6656 and U0126 was diluted to a
concentration of 1 ug/2 ul each and the combination injected by adding
2 ul into a syringe separated by an air bubble to avoid mixing in the
syringe. The intradermal administration of all drugs except PGE,, nalox-
one, and fentanyl was preceded by a hypotonic shock to facilitate the
permeability of the cell membrane to these agents (1 ul of distilled water
separated by an bubble to avoid mixing in the same syringe) to enhance
entry into the nerve terminal (Borle and Snowdowne, 1982; Burch and
Axelrod, 1987). Importantly, in vivo control experiments have shown
previously that the final concentration of ethanol (2%) used to prepare
the solution of PGE, had no effect on the mechanical threshold per se;
DMSO, which was used to dissolve dantrolene, SU 6656, and U0126, did
not produce any effect on the mechanical nociceptor threshold (Ferrari
et al.,, 2016; Araldi et al., 2017a).

Intrathecal administration of fentanyl, PGE,, dantrolene, cordycepin,
and the combination of SU 6656 and U0126 was performed in rats briefly
anesthetized with 2.5% isoflurane (Phoenix Pharmaceuticals) in 97.5%
O, using a 29-gauge hypodermic needle (300 units/ul syringe) inserted
into the subarachnoid space between the L4 and L5 vertebrae. The max-
imum volume injected into the spinal cord was 20 ul. The combination
of SU 6656 (10 ug/5 wl) and U0126 (10 ug/5 ul) was injected in a final
volume of 10 ul (these drugs were mixed in the syringe at the moment of
injection), followed by an injection of PGE, (400 ng/10 ul) at the same
site. The intrathecal site of injection was confirmed by a sudden flick of
the rat’s tail, a reflex that is evoked by subarachnoid space access and
bolus injection (Mestre et al., 1994).

PGE, was injected intrathecally (400 ng) or intradermally (100 ng)
after intrathecal or intradermal administration of fentanyl and/or inhib-
itors. Mechanical nociceptive threshold was evaluated 30 min and 4 h
after the injection of PGE,.

MOR oligodeoxynucleotide antisense

To investigate the role of MOR in the hyperalgesia and priming induced
by intradermal and intrathecal fentanyl, oligodeoxynucleotides (ODN)
antisense (AS) for MOR mRNA (Khasar et al., 1996; Sanchez-Blazquez et
al., 1997; Araldi et al., 2017a, 2018) was used. The AS-ODN sequence for
MOR, 5'-CGC-CCC-AGC-CTC-TTC-CTC-T-3', was directed against a
unique region of rat MOR (UniProtKB database entry P33535 [OPRM_
RAT] antisense sequence to block translation and downregulate the gene
expression of all eight known isoforms [MOR]). The ODN mismatch
(MM) sequence, 5'-CGC-CCC-GAC-CTC-TTC-CCT-T-3" for MOR,
was a scrambled version of the antisense sequence that has the same base
pairs and GC ratio, with little or no homology to any mRNA sequences
posted at GeneBank with four mismatched bases (denoted by bold let-
ters). A nucleotide BLAST search was performed to confirm that the
mRNA sequence targeted by the AS-ODN, or its MM-ODN control,
were not homologous to any other sequences in the rat database. The
oligodeoxynucleotides were synthesized by Invitrogen Life Technologies.
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Before use, lyophilized ODNs were reconstituted in nuclease-free
0.9% NaCl and then administered intrathecally at a dose of 6 ug/ul in a
volume of 20 ul (120 ng/20 ul). MM-ODNSs or AS-ODNs were injected
for 3 consecutive days, once a day and, on the fourth day, fentanyl (100
ng) was injected intrathecally (20 ul) or intradermally (5 ul). When
fentanyl was injected intrathecally, PGE, was injected 12 hours (intrathe-
cal) or 24 hours (intradermal) after fentanyl. However, when fentanyl
was injected intradermally, PGE, was injected intradermally or intrathe-
cally 3 h after fentanyl. The mechanical nociceptive threshold was eval-
uated 1 h after the injection of fentanyl and 30 min and 4 h after the
injection of PGE,. As described previously (Alessandri-Haber et al.,
2003), rats were anesthetized with isoflurane (2.5% in O,) and ODN was
injected using a syringe (300 units/ul) with a 29-gauge needle inserted
into the subarachnoid space between the L4 and L5 vertebrae. A total of
120 pg of ODN, in a volume of 20 ul, was then injected. When anesthesia
was stopped, rats regained consciousness ~2 min after the injection. Use
of AS-ODN to attenuate the expression of proteins, which is essential for
their role in nociceptor sensitization, is well supported by previous stud-
ies (Song et al., 2009; Su et al., 2011; Bogen et al., 2012; Quanhong et al.,
2012; Sunetal., 2013; Araldi etal., 2015,2016b; 2017a; Ferrari etal., 2016;
Oliveira-Fusaro et al., 2017).

Intrathecal administration of saporins

IB4-saporin. IB4-saporin, an IB4-positive nociceptor neurotoxin (Ad-
vanced Targeting Systems), was diluted in saline and a dose of 3.2 pugina
volume of 20 ul administered intrathecally 14 d before experiments. The
dose and timing of IB4-saporin administration were chosen based on
previous reports from our group and others (Vulchanova et al., 2001;
Nishiguchi et al., 2004; Joseph et al., 2008; Joseph and Levine, 2010;
Araldi et al., 2015, 2016b, 2017b).

[Sar®, Met(O,)"" |-substance P-saporin (SSP-saporin). SSP-saporin, an
SP-positive nociceptor neurotoxin (Advanced Targeting Systems), was
diluted in saline and a dose of 100 ng in a volume of 20 ul was adminis-
tered intrathecally 14 d before priming experiments. The addition of
[Sar?, Met(O,) '] to the substance P-conjugated to saporin makes the
agent more stable and potent than when substance P alone is bound to
saporin. The dose and pretreatment interval was based on the studies of
Wiley et al. (2007) and Choi et al. (2012), who observed no loss of intrin-
sic lumbar dorsal horn neurons expressing the neurokinin 1 (NK1) re-
ceptor in deeper laminae and prominent loss of NK1 receptor in laminae
I, and studies by others (Khasabov et al., 2002; Vierck et al., 2003; Wiley
et al., 2007; Choi et al., 2012; Weisshaar and Winkelstein, 2014; Kras et
al., 2015; Araldi et al., 2016a, 2017b, 2018).

To administer IB4-saporin, SSP-saporin, or their combination, rats
were briefly anesthetized with 2.5% isoflurane (Phoenix Pharmaceuti-
cals) in 97.5% O, and then a 29-gauge hypodermic needle was inserted,
on the midline, into the subarachnoid space, between the L4 and L5
vertebrae. The control treatment consisted of intrathecal injection of the
same volume of vehicle (saline). Rats regained consciousness ~2 min
after stopping anesthesia. There was no effect of IB4-saporin, SSP-
saporin, or their combination on the mechanical nociceptive threshold
per se. The group that was treated intrathecally with the combination of
saporins received IB4-saporin (3.2 ug/10 pl) in the morning and SSP-
saporin (100 ng/10 wl) in the afternoon.

Protocol for induction of priming by fentanyl

Whereas a single injection of the selective MOR agonist DAMGO alone
had no effect on nociceptive threshold and attenuates the mechanical
hyperalgesia induced by PGE, (Levine and Taiwo, 1989; Taiwo and
Levine, 1990), when injected repeatedly, it produces changes in nocice-
ptor function such as OIH, no longer producing an antihyperalgesic
effect and by itself producing mechanical hyperalgesia (Aley et al., 1995;
Aley and Levine, 1997; Araldi et al., 2015, 2017a, 2018). In contrast, a
single intrathecal or intradermal injection of fentanyl (100 ng), another
MOR agonist, induced acute hyperalgesia (see Fig. 1). Repeated injections of
DAMGO are required to induce a latent state of hyperresponsiveness to the
subsequent injection of proalgesic mediators, prototypically PGE, (Joseph et
al., 2010; Araldi et al,, 2015, 2017a, 2018), referred to as type II priming
(Araldi et al., 2015, 2017a, 2018). Priming (Aley et al., 2000; Reichling and
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Levine, 2009; Ferrari et al., 2014; Araldi et al., 2015, 2017a, 2018), a model of
neuroplasticity, is expressed as prolongation of the mechanical hyperalgesia
produced by PGE,, lasting at least 4 h, as opposed to the injection of PGE, in
naive paws, in which hyperalgesia fully dissipated by 2 h (Aley and Levine,
1999). In preliminary experiments, we observed that a single injection of
intrathecal or intradermal fentanyl (100 ng) was able to induce hyperalgesia
and priming at both the central and peripheral terminal of the nociceptor. To
study the mechanisms involved, intrathecal or intradermal injections of fen-
tanyl were performed. Changes in the mechanical nociceptive threshold,
induced by intrathecal or intradermal fentanyl, were evaluated 1 h after its
injection. To investigate the changes in nociceptor function produced by a
previous injection of fentanyl (intrathecal or intradermal), measured as pro-
longed response to a hyperalgesic mediator at a point in time (>3 h) when
the mechanical nociceptive threshold was not different from pre-fentanyl
baseline levels, PGE, was injected at the same site or at the opposite terminal
and hyperalgesia was evaluated after 30 min and again at 4 h. The continued
presence of hyperalgesia at the fourth hour is characteristic of priming (Aley
et al., 2000; Ferrari et al., 2014; Araldi et al., 2015, 2017a, 2018). To elucidate
the contribution of intracellular signaling pathways involved in hyperalgesia
and priming induced by fentanyl and to investigate the mechanisms that play
arole in the induction of the changes in nociceptor function, pharmacolog-
ical agents were injected intrathecally or intradermally before the adminis-
tration of fentanyl (prevention protocol). To investigate the second
messengers involved in the expression of the neuroplasticity, inhibitors were
administered intrathecally or intradermally before the injection of PGE, in
fentanyl-primed rats (reversal protocol).

Repeated subcutaneous administration of fentanyl

Priming was also induced by systemic (subcutaneous [s.c.]; performed
over the rat’s shoulders into the loose skin over the neck) administration
of fentanyl. Rats received four injections of fentanyl (20 ug/kg per injec-
tion, s.c.) 15 min apart, resulting in a cumulative dose of 80 ug/kg/rat
(Célerier et al., 2000; Laulin et al., 2002). Mechanical nociceptive thresh-
old was evaluated before the first injection of fentanyl and 48 h later.
Fentanyl was dissolved in physiologic saline (0.9%) and administered
subcutaneously (100 ul/100 g body weight). Using this protocol, we
evaluated whether systemic fentanyl induces type I or II priming in the
central and peripheral nociceptor terminal and if its induction is depen-
dent on ER Ca?" signaling.

DRG neuron culture

Primary cultures of rat dorsal root ganglia (DRG) sensory neurons were
obtained from adult male Sprague Dawley rats (220-235 g) and prepared
as described previously (Ferrari et al., 2016; Khomula et al., 2017). In
brief, under isoflurane anesthesia, rats were decapitated, the dorsum of
the vertebral column was opened, and L, and L; DRGs were removed
rapidly, chilled in Hanks” balanced salt solution (HBSS) on ice, and
desheathed. Ganglia were treated with 0.125% collagenase P (Worthing-
ton Biochemical) in HBSS for 90 min at 37°C and then treated with
0.25% trypsin (Worthington Biochemical) in calcium- and magnesium-
free PBS (Invitrogen Life Technologies) for 10 min, followed by 3X
washout and trituration in Neurobasal A medium (Invitrogen Life Tech-
nologies) to produce a single-cell suspension. The suspension was cen-
trifuged at 1000 RPM for 3 min and resuspended in Neurobasal A
medium supplemented with 50 ng/ml nerve growth factor, 100 U/ml
penicillin/streptomycin, and B-27 (Invitrogen Life Technologies). Cells
were then plated on coverslips and incubated at 37°C in 5% CO, for at
least 24 h before use in experiments.

Calcium imaging

Cultured rat DRG neurons were used for in vitro experiments between 24
and 96 h after dissociation and plating. At least three rats/culture prepa-
ration were used for each experimental series. Within the text, “n” refers
to the number of neurons. Cells were identified as neurons by having
double birefringent plasma membranes (Cohen et al., 1968; Landowne,
1993). Although small, medium, and large neurons were routinely ob-
served in the same preparation, this study focused only on cells with a cell
body diameter <30 um (small DRG neurons, predominantly represent-
ing the C-type nociceptor subpopulation). After mounting a coverslip to
a recording chamber, the culture medium was replaced with Tyrode’s
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solution containing the following (in mm): 140 NaCl, 4 KCl, 2 MgCl,, 2
CaCl,, 10 glucose, and 10 HEPES; adjusted to pH 7.4 with NaOH as
previously described (Ferrari et al., 2016, 2017; Khomula et al., 2017).
Tyrode’s solution was used in the in vitro experiments as an external
perfusion solution. To eliminate extracellular Ca’* entry into cells, in
some experiments, Tyrode’s solution was replaced with nominally
calcium-free solution containing the following (in mm): 140 NaCl, 4 KCl,
4 MgCl,, 2 EGTA, 10 glucose, and 10 HEPES; adjusted to pH 7.4 with
NaOH (Khomula and Voitenko, 2006; Shutov et al., 2006). The volume
of the recording chamber was 150 ul. The perfusion system was gravity
driven at a flow rate of 1-2 ml/min. All experiments were performed at
room temperature (20-23°C).

Our bright-field imaging system consisted of an inverted microscope
(Eclipse TE-200; Nikon) with an epifluorescence attachment and a mer-
cury lamp for excitation. Illumination was controlled by a Lambda 10-2
filter wheel controller and Lambda SC Smart Shutter controller (Sutter
Instruments); an Andor Clara Interline CCD camera (Andor Technol-
ogy) was used for high-resolution digital image acquisition. MetaFluor
software (Molecular Devices) provided computer interface and con-
trolled the whole system and was also used for image processing. A Plan
Fluor objective (20 X UV, numerical aperture 0.50; Nikon) was used for
both fluorescent and transmitted light imaging with phase contrast. Cal-
cium imaging was performed using the fluorescent calcium indicator
fura-2 acetoxymethyl ester (fura-2 AM) as described previously (Ferrari
etal.,2016; Khomula etal., 2017). Briefly, neurons were loaded with 5 um
fura-2 AM by incubation for 20 min directly in the recording chamber.
Then cells were perfused with Tyrode’s solution for 10 min before the
beginning of the recording to allow for complete deesterification of the
fura-2 AM. Measurement of the intracellular concentration of free cal-
cium ions ([Ca*"];) was performed by ratiometric imaging. Fluores-
cence was excited at 340 and 380 nm for 2-10 ms each and the emitted
light was long filtered at 520 nm using a standard Fura-2 filter set
(Chroma Technology). Using MetaFluor software (Molecular Devices)
corresponding pairs of digital images were acquired every 1-10 s, de-
pending 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 (Ferrari et al., 2016; Khomula
etal., 2017). Fluorescence ratio was used to characterize [Ca“]iwithout
recalculation into concentration.

Data analysis

All data are presented as mean * SEM of n independent observations.
Statistical comparisons were made using GraphPad Prism 5.0 statistical
software. A p-value <0.05 was considered statistically significant.

In the behavioral experiments, the dependent variable was change in
mechanical paw-withdrawal threshold, expressed as percentage change
from baseline. No significant difference in mechanical nociceptive thresh-
olds was observed before the injection of central or peripheral fentanyl and
immediately before injection of PGE, [average mechanical nociceptive
threshold before priming stimuli (fentanyl): 139.1 = 1.8 g; average mechan-
ical nociceptive threshold before PGE, injection: 138.5 * 1.6 g;n = 317 rats;
paired Student’s ¢ test, 3,5, = 0.7883, p = 0.4323]. In addition, 84 rats were
used in Figures 1, 6, and 12. As specified in the figure legends, Student’s # test
or two-way repeated-measures ANOVA, followed by Bonferroni post hoc
test, was performed to compare the magnitude of the hyperalgesia
induced by fentanyl or PGE, injection in the different groups, or to
compare the effect produced by different treatments on the prolon-
gation of the PGE,-induced hyperalgesia (evaluated 4 h after injec-
tion) with the control groups.

Calcium imaging results are presented as amplitudes of the responses
to drug applications. The amplitude of a response was measured as the
difference between fluorescence ratios at the peak and the base of the
response. Differences between means of several groups were analyzed
using one-way ANOVA followed by Bonferroni post hoc analysis of dif-
ferences between all pairs.
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Figure 1. Intrathecal and intradermal fentanyl-induced hyperalgesia. 4, Mechanical noci-
ceptive threshold was evaluated 5,10, 15, 20, 30, 45, 60, 120, 180, and 240 min after intrathecal
injection of vehicle (saline, 20 wl; black circles) or fentanyl (100 ng/20 wl; white circles). Sig-
nificant hyperalgesia was first observed by 30 min and persisted unattenuated to 180 min
(Fi,90) = 756.59, ***p < 0.0001, when fentanyl-treated group was compared with saline, at
30, 45, 60, 120, and 180 min after the intrathecal; two-way repeated-measures ANOVA fol-
lowed by Bonferroni post hoc test). At 240 min, mechanical nociceptive threshold had returmned
to baseline. (n = 10 paws/10 rats per group). B, Five, 10, 15, 20, 30, 45, 60, 120, and 180 min
afterintradermal injection of vehicle (saline, 5 wul; black circles) or fentanyl (100 ng/5 wl; white
circles), the mechanical nociceptive threshold was evaluated. Hyperalgesia was first observed 5 min
after injection of fentanyl and persisted to 120 min (F; g9, = 118.84, *p < 0.05, **p << 0.001 and
**%1 < 0.0001; when fentanyl-treated group is compared with saline; two-way repeated-measures
ANOVA followed by Bonferroni post hoc test; n = 8 paws/8 rats per group).

Results

Fentanyl-induced hyperalgesia

To verify that fentanyl induces hyperalgesia, the mechanical no-
ciceptive threshold was evaluated 5, 10, 15, 20, 30, 60, 120, 180,
and 240 min after intrathecal injection of vehicle (saline) or fen-
tanyl (100 ng, diluted in 20 ul of saline) (Fig. 1A). Intrathecal
fentanyl-induced hyperalgesia was detected at 30 min (20.9% of
reduction in the mechanical nociceptive threshold), further in-
creasing by 60 min (35.8% of reduction in the mechanical noci-
ceptive threshold) (Fig. 1A). Peak hyperalgesia persisted to 180
min (29.9% of reduction; F(, oy = 756.59, p < 0.0001, when
fentanyl-treated group was compared with saline, at 30, 45, 60,
120, and 180 min after the intrathecal; two-way repeated-
measures ANOVA), returning to the pre-fentanyl baseline at 240
min (Fig. 1A). Intradermal fentanyl (100 ng, diluted in 5 ul of
saline) also induced mechanical hyperalgesia that was significant
by 5 min (Fig. 1B; 10.8% of reduction in the mechanical nocice-
ptive threshold; p < 0.05), peaking by 60 min (36.4% of reduc-
tion in the mechanical nociceptive threshold; F, o) = 118.84,
p < 0.0001, when the fentanyl-treated group is compared with
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Figure2. Latency to onset of priming induced by intrathecal fentanyl. 4, Rats were treated
intrathecally with vehicle (saline, 20 l; black bars) or fentanyl (100 ng/20 wl). Four hours
(black bars), 8 h (dotted bars), or 12 h (white bars) later, when the mechanical nociceptive
threshold was not different from the pre-fentanyl baseline [t,5) = 1.926; p = 0.1121, for the
vehicle-treated group; ts) = 1.529; p = 0.1867, for the fentanyl (4 h)-treated group; .5, =
1.477;p = 0.1998, for the fentanyl (8 h)-treated group, and t;5) = 0.1287; p = 0.9026, for the
fentanyl (12 h)-treated group, when the mechanical nociceptive threshold is compared before
and after fentanyl; paired Student’s ¢ test], PGE, (400 ng/20 wl) was injected at the same
intrathecal site and the mechanical nociceptive threshold evaluated 30 min and 4 h later. PGE,
induced hyperalgesia in all treated groups at 30 min after its injection; however, in the groups
that were previously treated with intrathecal fentanyl, the hyperalgesia was more pronounced
(**p < 0.01 for 4 h; ***p << 0.0001 for 8 and 12 h, when fentanyl-treated groups were
compared with saline-treated group at 30 min after the injection of PGE,; two-way repeated-
measures ANOVA followed by Bonferroni post hoc test). In the groups that received intrathecal
fentanyl 8 and 12 h before the intrathecal injection of PGE,, the prolongation of PGE,-induced
hyperalgesia was present at the fourth hour (F, 4, = 161.66, ***p << 0.0001, when fentanyl-
treated groups are compared with saline-treated group at the fourth hour after the injection of
PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test) whereas the
group treated with fentanyl 4 h before the injection of PGE,, did not demonstrate prolongation
of PGE, hyperalgesia. The saline-treated group received an intrathecal injection of PGE, 8 h
later. Therefore, priming at the central nociceptor terminal, induced by intrathecal fentanyl, can
be detected by 8 h. B, Vehicle (saline, 20 wl; black bars) or fentanyl (100 ng/20 ) were
injected intrathecally. Eight hours (dotted bars), 12 h (light gray bars), or 24 h (dark gray bars)
later, when the mechanical nociceptive threshold was not different from pre-fentanyl baseline
[ts) = 0.5976; p = 0.5761, for the vehicle-treated group; t,5) = 0.3744; p = 0.7234, for the
fentanyl (8 h)-treated group; ts) = 0.1070; p = 0.9190, for the fentanyl (12 h)-treated group,
and t,5) = 0.2666; p = 0.8004, for the fentanyl (24 h)-treated group, when the mechanical
nociceptive threshold is compared before and after fentanyl; paired Student’s ¢ test], PGE,
(100 ng/5 wl) was injected intradermally and the mechanical nociceptive threshold evaluated
30 min and 4 h after injection. In the groups treated with fentanyl 8 and 12 h prior, PGE,
was not able to induce prolonged hyperalgesia. However, 24 h after intrathecal fentanyl,
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saline; two-way repeated-measures ANOVA) and returning to
baseline by 180 min (Fig. 1B).

Fentanyl-induced priming

When PGE, (400 ng, diluted in 20 ul of saline) was injected intra-
thecally 4 h after intrathecal fentanyl, the prolongation of PGE, hy-
peralgesia was not observed (Fig. 2A). However, when injected 8 or
12 h after fentanyl, PGE,-induced hyperalgesia was prolonged (Fig.
2A; F; 49) = 161.66, p < 0.0001, when saline- and fentanyl 8 h- or 12
h-treated groups are compared at the fourth hour after intrathecal
PGE,; two-way repeated-measures ANOVA). Therefore, intrathecal
fentanyl requires between 4 and 8 h for priming to develop at the
central terminal. When PGE, (100 ng, diluted in 5 ul of saline) was
injected intradermally 8, 12, or 24 h after rats received intrathecal
fentanyl (Fig. 2B) at 8 and 12 h, PGE,-induced hyperalgesia was not
prolonged. However, at 24 h, intradermal PGE, produced pro-
longed hyperalgesia (Fig. 2B; F, 49y = 299.73, p << 0.0001, when the
saline- and fentanyl 24 h-treated groups are compared at the fourth
hour after intradermal PGE,; two-way repeated-measures ANOVA),
indicating that priming takes between 12 and 24 h, after intrathecal fen-
tanyl, to develop in the peripheral terminal.

Three hours after intradermal injection of fentanyl, when the
mechanical nociceptive threshold returned to baseline, PGE, was
injected, inducing prolonged hyperalgesia at central terminal
(Fig. 3A; F(5 50) = 166.61, p < 0.0001, when saline- and fentanyl-
treated groups are compared at the fourth hour after intrathecal
PGE,; two-way repeated-measures ANOVA) and peripheral ter-
minal (Fig. 3B; F, 50y = 82.15, p < 0.0001, when the saline- and
fentanyl-treated groups are compared at the fourth hour after
intradermal PGE,; two-way repeated-measures ANOVA). In ad-
dition, PGE, was injected intrathecally (Fig. 3A) or intradermally
(Fig. 3B) in different groups of rats treated 1 h prior with intra-
dermal fentanyl. PGE, was able to induce prolonged hyperalgesia
at both central (Fig. 3A, dotted box) and peripheral terminals
(Fig. 3B, dotted box). These findings support a rapid onset for
fentanyl-induced priming in both terminals. Because the hyper-
algesia induced by intradermal fentanyl is gone by 3 h after
administration, we chose this time point in the following exper-
iments.

Intrathecal fentanyl induces type II priming in the central and
type I priming in the peripheral terminal

Maintenance of type I priming is dependent on protein transla-
tion in the nociceptor terminal, being reversed by local injection
of cordycepin (Ferrari et al., 2013), whereas maintenance of type
I priming is dependent on the simultaneous activation of Srcand
MAPK (Araldi et al., 2017a). Five days after an intrathecal injec-
tion of fentanyl, rats were treated at the same site with vehicle,
cordycepin, or the combination of a Src and a MAPK inhibitor
(SU 6656 and U0126, respectively), followed by an intrathecal
injection of PGE,. In the group that received the combination of
SU 6656 and U0126, PGE, was not able to induce prolonged
hyperalgesia (Fig. 4A; F, 5,y = 118.88, p < 0.0001, when the

<«

an intradermal injection of PGE, induced prolonged hyperalgesia (F, 4 = 299.73, ***p <
0.0001, when the group treated 24 h prior was compared with groups treated 8 and 12 h prior;
two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Intradermal injec-
tion of PGE, induced hyperalgesia in all groups when evaluated 30 min after injection. The
intrathecal saline-treated group received an intradermal injection of PGE, 12 h after adminis-
tration. Therefore, intrathecal fentanyl requires between 12 and 24 h to induce priming at the
peripheral terminal of the nociceptor (n = 6 paws/6 rats per group).
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Figure3. Intradermal fentanyl: latency to priming. A, Three hours after the intradermal injection of vehicle (saline, 5 wul; black
bars) or fentanyl (100 ng/5 pul; gray bars), when the mechanical nociceptive threshold was not different from the pre-fentanyl
baseline (t;s) = 0.2666; p = 0.8004, for the vehicle-treated group and .5, = 1.899; p = 0.1160, for the fentanyl-treated group,
when the mechanical nociceptive threshold is compared before and after fentanyl; paired Student’s ¢ test), PGE, (400 ng/20 l)
was injected intrathecally and the mechanical nociceptive threshold evaluated 30 min and 4 h later. Mechanical hyperalgesia was
present in both vehicle- and fentanyl-treated groups 30 min after intrathecal PGE,. However, at the fourth hour after PGE,,
hyperalgesia was present only in the group that previously received fentanyl (F, ,,, = 166.61, ***p << 0.0001, when the
fentanyl-treated group is compared with vehicle-treated group at the fourth hour after the injection of PGE,; two-way repeated-
measures ANOVA followed by Bonferroni post hoc test). Intrathecal PGE, (400 ng/20 wul) was also injected 1 h after intradermal
fentanyl (100 ng/5 ul) in a different group of rats. The prolongation of PGE,-induced hyperalgesia was present at the fourth hour
(dotted box), indicating that intradermal fentanyl requires ~1h toinduce priming in the nociceptor central terminal. B, A different
groups of rats received intradermal vehicle (5 w.l) or fentanyl (100 ng/5 wul) and were treated 3 h later with intradermal PGE, (100
ng/5 wl). PGE, induced mechanical hyperalgesia 30 min after injection in both groups. However, in the fentanyl-treated group,
PGE, hyperalgesia was prolonged (F, 5o, = 82.15, ***p < 0.0001, when the fentanyl-treated group is compared with vehicle-
treated group at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc
test). Ina different group of rats, intradermal PGE, (100 ng/5 w.l) was injected 1 h after intradermal fentanyl (100 ng/5 w.l). At the
fourth hour, prolonged hyperalgesia was present (dotted box), indicating that intradermal fentanyl requires ~1 h to induce
priming in the nociceptor peripheral terminal (n = 6 paws/6 rats per group).
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To determine whether intrathecal fen-
tanyl induces type I or II priming in the
peripheral terminal of the nociceptor, rats
were treated intradermally with vehicle,
cordycepin, or the combination of SU
6656 and U0126, followed by PGE, at the
same site, 5 d after intrathecal fentanyl
(Fig. 4, bottom). In contrast to intrathecal
PGE,, prolongation of intradermal PGE,
hyperalgesia was not present in the group
treated with cordycepin (Fig. 4D; F, 50 =
236.48, p < 0.0001, when the vehicle- and
the cordycepin-treated groups are com-
pared at the fourth hour after intrader-
mal PGE,; two-way repeated-measures
ANOVA), nor was it present when PGE,
was injected 15 d (Fig. 4E; F(, 39y = 248.53,
p < 0.0001) and 30 d (Fig. 4F; F(, 5, =
224.73, p < 0.0001) later. However, intra-
dermal PGE, was able to induce prolonged
hyperalgesia in the groups treated intrader-
mally with vehicle and the combination of
SU 6656 and U0126 (Fig. 4D—F). These data
suggest that intrathecal fentanyl induces
type I priming in the peripheral terminal of
the nociceptor.

Priming induced by

intradermal fentanyl

We also determined whether intradermal
fentanyl induces type I and/or type II
priming in the central and peripheral no-
ciceptor terminal. Fentanyl was injected
intradermally and, 5 d later, vehicle,
cordycepin, or the combination of SU
6656 and U0126 were injected intrathe-
cally, followed by PGE, at the same site. In
the group that received the combination
of SU 6656 and U0126, the hyperalgesia
induced by intrathecal PGE, was not pro-
longed (Fig. 5A; F(, 5, = 156.03, p <
0.0001, when the combination of in-
hibitors-treated group is compared with
vehicle at the fourth hour after intrathe-
cal PGE, two-way repeated-measures
ANOVA). In addition, when PGE, was in-
jected again, 15 d (Fig. 5B) or 30 d (Fig. 5C)
after the treatment with inhibitors, prolon-
gation of PGE,-induced hyperalgesia was
still not present (15 d: F, 50y = 257.50, p <

vehicle-treated and the combination of inhibitors-treated groups
are compared at the fourth hour after intrathecal PGE,; two-way
repeated-measures ANOVA). When PGE, was injected again
15 d (Fig. 4B) and 30 d (Fig. 4C) after the inhibitors, it still failed
to produce prolonged hyperalgesia (15 d: F, 5oy = 118.57, p <
0.0001; 30 d: F, 55y = 126.75, p < 0.0001, when the combina-
tion of inhibitors-treated group is compared with vehicle at
the fourth hour after intrathecal PGE,; two-way repeated-
measures ANOVA). However, the prolongation of PGE,-
induced hyperalgesia was present in the group treated with
cordycepin, as well as in the vehicle-treated group. These findings
indicate that intrathecal fentanyl induces type II priming in the
central terminal of the nociceptor.

0.0001; 30 d: F, 50, = 200.87, p < 0.0001, when the combination of
inhibitors-treated group is compared with vehicle at the fourth hour
after intrathecal PGE,; two-way repeated-measures ANOVA). In
contrast, in the vehicle- and cordycepin-treated groups, the intrathe-
cal injection of PGE, induced prolonged hyperalgesia (Fig. SA—C).
Therefore, the administration of fentanyl in the peripheral terminal
of the nociceptor induces type II priming in the central terminal.
To evaluate priming at the peripheral terminal, vehicle,
cordycepin, or the combination of SU 6656 and U0126 were
injected intradermally 5 d after an intradermal injection of fen-
tanyl, followed by intradermal PGE,. Prolongation of PGE,-
induced hyperalgesia was not observed in the group treated with
cordycepin (Fig. 5D; F(, 3, = 207.62, p < 0.0001, when the
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Figure4. Intrathecal fentanyl induces type Il priming in the central and type | priming in the peripheral terminal of the nociceptor. 4, Rats received an intrathecal injection of fentanyl (100 ng/
20 wul). Five days later, vehicle (10 wl; black bars), cordycepin (4 .g/10 wul; gray bars), or the combination (dotted bars) of SU 6656 (10 1.g/5 wl) and U0126 (10 ug/5 wl) were injected intrathecally
followed by an injection of PGE, (400 ng/10 .l) at the same site. Mechanical nociceptive threshold was evaluated 30 min and 4 h later. In the group treated with the combination of SU 6656 and
U0126, PGE, did notinduce hyperalgesia at the fourth hour (F, 35 = 118.88,***p << 0.0001, when SU 6656 and U0126-treated group is compared with the vehicle- or cordycepin-treated groups
atthe fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test); the prolongation of PGE-induced hyperalgesia was, however, presentin the
vehicle- and cordycepin-treated groups. B, Fifteen days after treatment with vehicle or the inhibitors, when the mechanical nociceptive threshold was not different from the pre-vehicle/inhibitor
baseline (t(s) = 1.823; p = 0.1280, for the vehicle-treated group, 5, = 1.277; p = 0.2576, for the cordycepin-treated group, and .5, = 1.171; p = 0.2943, for the combination of SU 6656 and
U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired Student’s t test), PGE, (400 ng/20 l) was again injected intrathecally and the
mechanical nociceptive threshold evaluated 30 min and 4 h later. Again, PGE, hyperalgesia was not present at the fourth hour in the group previously treated with the combination of SU 6656 and
U0126 (F 5 55 = 118.57,***p < 0.0001, when SU 6656 and U0126-treated group is compared with the vehicle- or cordycepin-treated groups at the fourth hour after the injection of PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test). €, Similarly, 30 d after the injection of vehicle or the inhibitors, when PGE, (400 ng/20 wl) was again injected intrathecally, the
prolongation of PGE,-induced hyperalgesia was still absent in the SU 6656 and U0126-treated group (F, 3, = 126.75,***p << 0.0001, when SU 6656 and U0126-treated group is compared with
the vehicle- or cordycepin-treated groups at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Therefore, intrathecal fentanyl
induces type Il priming in the nociceptor central terminal. (n = 6 paws/6 rats per group). D, Rats were treated with an intrathecal injection of fentanyl (100 ng/20 ywl). Five days later, vehicle (5 .,
black bars), cordycepin (1 wg/5 ul; gray bars), or the combination (dotted bars) of SU6656 (1 ug/2 wl) and U0126 (1 1g/2 wl) was injected intradermally followed 10 min later by injection of PGE,
(100 ng/5 ) at the samessite. In the group treated with cordycepin, the prolongation of PGE,-induced hyperalgesia was markedly inhibited (F, 5,) = 236.48, ***p << 0.0001, when cordycepin-
treated group is compared with the vehicle-treated group at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the
groups treated with vehicle or the combination of SU 6656 and U0126, PGE, induced prolonged hyperalgesia. E, Fifteen days after treatment with vehicle or the inhibitors, when the mechanical
nociceptive threshold was not different from the pre-vehicle/inhibitor baseline (t;s) = 1.388; p = 0.2239, for the vehicle-treated group, t,s, = 1.447; p = 0.2076, for the cordycepin-treated group,
and 5, = 0.2894; p = 0.7839, for the combination of SU 6656 and U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired Student’s ¢
test), PGE, (100 ng/5 pul) was again injected intradermally. The prolongation of PGE,-induced hyperalgesia was still inhibited in the group previously treated with cordycepin (F, 3 = 248.53,
***p <0.0001, when cordycepin-treated is compared with the vehicle-treated group at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post
hoctest), butnotin the groups treated with vehicle or the combination of SU 6656 and U0126. F, PGE, was again injected intradermally 30 d after treatment with vehicle or the inhibitors. In the group
previously treated with cordycepin, the prolongation of PGE,-induced hyperalgesia was still significantly attenuated (F, 5,) = 224.73, ***p < 0.0001, when cordycepin-treated is compared with
the vehicle- treated group at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the groups treated with vehicle or the
combination of SU 6656 and U0126, the prolongation of PGE,-induced hyperalgesia was present. Therefore, intrathecal fentanyl produces type | priming in the peripheral terminal of the nociceptor
(n = 6 paws/6 rats per group).

vehicle- and the cordycepin-treated groups are compared at the
fourth hour after intradermal PGE,; two-way repeated-measures
ANOVA). When PGE, was again injected intradermally, 15 d
(Fig. 5E) or 30 d (Fig. 5F) after the intradermal treatment with the
inhibitors, the prolongation of PGE, hyperalgesia was still not
present in the cordycepin-treated group (F,39) = 245.80, p <
0.0001 for 15 d; Fpy 5 = 239.59, p < 0.0001 for 30 d, when the
cordycepin-treated group is compared with vehicle at the fourth
hour after intradermal PGE,; two-way repeated-measures
ANOVA). However, treatment with vehicle or the combination

of SU 6656 and U0126 did not affect the prolongation of PGE,-
induced hyperalgesia (Fig. 5D—F). Together, these results suggest
that the administration of fentanyl in the peripheral terminal of
the nociceptor-induced type I priming at its injection site.

Systemic fentanyl induces priming in the central and
peripheral nociceptor terminal

Intrathecal and intradermal fentanyl induce type II priming in
the central and type I in the peripheral terminal of the nociceptor.
To determine the role of the nociceptor in the effects of systemic
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Figure5. Intradermal fentanylinduces type Il priming at the central and type | priming at the peripheral terminal. A, Rats received an intradermal injection of fentanyl (100 ng/5 wul). Five days
later, vehicle (10 wul, black bars), cordycepin (4 g/10 wl; gray bars), or the combination (dotted bars) of SU 6656 (10 wug/5 wl) and U0126 (10 r.g/5 wl) was injected intrathecally followed by an
intrathecal injection of PGE, (400 ng/10 wul). Thirty minutes after injection, PGE, induced mechanical hyperalgesia in all groups. However, in the group treated with the combination of SU 6656 and
U0126, PGE-induced hyperalgesia at the fourth hour was inhibited (£, 55) = 156.03, ***p << 0.0001, when SU 6655 and U0126 group is compared with the vehicle-treated group at the fourth hour
after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the vehicle- and cordycepin-treated groups, PGE, induced prolonged hyperalgesia.
B, Fifteen days after treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, when the mechanical nociceptive threshold was not different from the pre-vehicle/inhibitors
baseline (;5) = 0.4416;p = 0.6772, for the vehicle-treated group, t5) = 0.2162; p = 0.8374, for the cordycepin-treated group, and ¢, = 0.8402; p = 0.4391, for the combination of SU 6656 and
U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired Student’s ¢ test), PGE, (400 ng/20 ) was again injected intrathecally. Two-way
repeated-measures ANOVA, followed by Bonferroni post hoc test, showed a significant inhibition of the prolonged hyperalgesia induced by PGE, at the fourth hour, in the group that had been
pretreated with the combination of SU 6656 and U0126, compared with the vehicle-treated group (F, 3 = 257.50, ***p << 0.0001, when the hyperalgesia in the vehicle-treated and the
combination of SU 6656 and U0126-treated groups is compared at the fourth hour), whereas PGE, induced prolonged hyperalgesia in the cordycepin-treated group. €, When PGE, was injected again,
30 d after treatment with vehicle or the inhibitors, in the group previously treated with the combination of SU 6656 and U0126, PGE,-induced hyperalgesia was not present at the fourth hour
(Fi3,30) = 200.87, ***p << 0.0001, when the hyperalgesia in the vehicle- and the combination of SU 6656 and U0126-treated groups is compared at the fourth hour after intrathecal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), demonstrating that intradermal fentanyl produces type Il priming in the central terminal (n = 6 paws/6 rats per group). D, Rats
received an intradermal injection of fentanyl (100 ng/5 wl). Five days later, vehicle (5 uul, black bars), cordycepin (1 tg/5 ul; gray bars) or the combination (dotted bars) of SU 6656 (1 ug/2 wl) and
U0126 (1 g/2 wl) was injected intradermally followed 10 min later by an injection of PGE, (100 ng/5 w.l) at the same site on the dorsum of the hindpaw. Mechanical nociceptive threshold was
evaluated 30 min and 4 h after intradermal PGE,. Mechanical hyperalgesia was observed in all groups 30 min after the injection of PGE,. However, treatment with cordycepin prevented the
prolongation of PGE,-induced hyperalgesia (F, 55y = 207.62, ***p << 0.0001, when the hyperalgesia in the vehicle- and the cordycepin-treated groups is compared at the fourth hour after
intradermal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas treatment with the combination of SU 6656 and U0126 only partially attenuated hyperalgesia
at the fourth hour after PGE, (**p << 0.001, when the hyperalgesia in the vehicle- and the combination of SU 6656 and U0126-treated groups is compared at the fourth hour; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test). E, Fifteen days after treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, when the mechanical
nociceptive threshold was not different from the prevehicle/inhibitors baseline (t s, = 1.585;p = 0.1737, for the vehicle-treated group, 5, = 0.8682; p = 0.4250, for the cordycepin-treated group,
and t5) = 1.097; p = 0.3227, for the combination of SU 6656 and U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired
Student’st test), PGE, (100 ng/5 wl) was again injected intradermally. Two-way repeated-measures ANOVA, followed by Bonferroni post hoc test, showed that, whereas the hyperalgesia
induced by PGE, in the vehicle and combination of SU 6656 and U0126 groups was still present at the fourth hour, in the group pretreated with cordycepin, it was significantly inhibited
(Fi2,30) = 245.80, ***p < 0.0001, when the hyperalgesia in the vehicle- and the cordycepin-treated groups is compared at the fourth hour after intradermal PGE,). F, Thirty days after
treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, PGE, (100 ng) was again injected intradermally. In the group previously treated with cordycepin, the
prolongation of PGE,-induced hyperalgesia was markedly attenuated at the fourth hour (F(, 35) = 239.59, ***p << 0.0001, when the hyperalgesia in the vehicle- and the cordycepin-
treated groups is compared at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the groups treated with
vehicle or the combination of SU 6656 and U0126, the hyperalgesia was present at the fourth hour. These findings support the suggestion that intradermal fentanylinduces type | priming
in the peripheral terminal (n = 6 paws/6 rats per group).

fentanyl, we determined whether systemic (subcutaneous) fenta-  at the central terminal, 48 h after systemic fentanyl, followed by
nyl is able to induce priming in the nociceptor, central, and pe-  intrathecal PGE,. In the group treated with vehicle, PGE, in-
ripheral terminals and if it is type I or type II. Rats were treated ~ duced prolonged hyperalgesia (Fig. 6A; reduction in the mechan-
with fentanyl (20 ug/kg; 4 times, 15 min intervals). To evaluate  ical nociceptive threshold was 34.2%, when the vehicle-treated
priming induced by systemic fentanyl, vehicle, cordycepin, or the ~ group is compared before and 4 h after intrathecal PGE,), indi-
combination of SU 6656 and U0126 were injected intrathecally,  cating that systemic fentanyl induces prolongation of PGE, hy-
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Figure6. Systemicfentanylinduces priming at central and peripheral terminals. 4, Rats were treated with subcutaneous fentanyl (20 wg/kg, X 4, every 15 min). Forty-eight hours later, when
the mechanical nociceptive threshold were not different from pre-fentanyl baseline (before fentanyl: 142.8 = 1.9 g; 48 h after fentanyl: 143.3 = 1.7 g), vehicle (black bars; 10 wl), cordycepin (gray
bars; 4 ug/10 wl) or the combination (dotted bars) of SU 6656 (10 ug/5 pul) and U0126 (10 wug/5 ul) were injected intrathecally followed by PGE, (400 ng/10 ) injected at the same site.
Mechanical nociceptive threshold was evaluated 30 min and 4 h after intrathecal PGE,. Two-way repeated-measures ANOVA, followed by Bonferroni post hoc test, showed that, whereas the
hyperalgesia induced by PGE, in the groups treated with vehicle or cordycepin was still present at the fourth hour, in the group pretreated with the combination of SU 6656 and U0126, it was
completely blocked (F, 35 = 304.62, ***p << 0.0001, when the hyperalgesia in the vehicle- and the combination of SU 6656 and U0126-treated groups is compared at the fourth hour after
intradermal PGE,). B, Fifteen days after intrathecal treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, when the mechanical nociceptive threshold was not different from
the pre-vehicle/inhibitors baseline (¢, = 1.815; p = 0.1291, for the vehicle-treated group, t5) = 0.8771; p = 0.4206, for the cordycepin-treated group, and t5) = 0.8647; p = 0.4267, for the
combination of SU 6656 and U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired Student’s  test), PGE, (400 ng/20 w.l) was again
injected intrathecally. In the group previously treated with the combination of SU 6656 and U0126, PGE -induced hyperalgesia was not present at the fourth hour (F, 5, = 311.24, ***p < 0.0001,
when the hyperalgesia in the vehicle-treated and the combination of SU 6656 and U0126-treated groups is compared at the fourth hour after intrathecal PGE,; two-way repeated-measures ANOVA
followed by Bonferroni post hoc test). €, Thirty days after intrathecal treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, PGE, (400 ng) was again injected intrathecally.
Inthe group previously treated with the combination of inhibitors, the prolongation of PGE,-induced hyperalgesia was markedly inhibited at the fourth hour (F, 3, = 194.44,***p <<0.0001, when
the hyperalgesia in the vehicle- and the combination of inhibitors-treated groups is compared at the fourth hour after intrathecal PGE,; two-way repeated-measures ANOVA followed by Bonferroni
post hoc test), whereas in the groups treated with vehicle or the combination of SU 6656 and U0126 the hyperalgesia was present at the fourth hour. These data support the suggestion that systemic
fentanyl produces type Il priming in the central terminal. D, A different group of rats were also treated with subcutaneous fentanyl (20 w.g/kg, X 4, every 15 min). Forty-eight hours later, when
mechanical nociceptive threshold was not different from pre-fentanyl baseline (before fentanyl: 137.9 = 1.5 g; 48 h after fentanyl: 135.7 == 2.1 g), vehicle (black bars; 5 wl), cordycepin (gray bars;
1 1g/5 wl), or the combination (dotted bars) of SU 6656 (1 wg/3 wul) and U0126 (1 1eg/3 ) were injected intradermally followed 10 min later by PGE, (100 ng/5 w.l) injected at the same site.
Mechanical nociceptive threshold was evaluated 30 min and 4 h after intradermal PGE,. In the group treated with intradermal cordycepin, the prolongation of PGE,-induced hyperalgesia was
markedly attenuated (F, 3 = 459.43,***p < 0.0001, when the hyperalgesia in the vehicle- and the cordycepin-treated groups is compared at the fourth hour after intradermal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the groups treated with vehicle or the combination of SU 6656 and U0126, the hyperalgesia was present at the fourth
hour. E, Fifteen days after intradermal treatment with vehicle, cordycepin, or the combination of SU 6656 and U0126, when the mechanical nociceptive threshold was not different from the
pre-vehicle/inhibitors baseline (.5, = 0.7133; p = 0.5076, for the vehicle-treated group, t5) = 0.3561; p = 0.7363, for the cordycepin-treated group, and 5, = 1.504; p = 0.1929, for the
combination of SU 6656 and U0126-treated group, when the mechanical nociceptive threshold is compared before and after treatments; paired Student’s ¢ test), PGE, (100 ng/5 jl) was again
injected intradermally. The prolongation of PGE,-induced hyperalgesia was still inhibited in the group previously treated with cordycepin (F, 35) = 389.49, ***p <C'0.0001, when cordycepin-
treated is compared with the vehicle-treated group at the fourth hour after the injection of PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), but not in the groups
treated with vehicle or the combination of SU 6656 and U0126. F, Thirty days after intradermal vehicle, cordycepin, or the combination of SU 6656 and U0126, PGE, (100 ng) was again injected
intradermally. Prolongation of PGE,-induced hyperalgesia was markedly inhibited in the group previously treated with cordycepin (F, 55, = 406.02, ***p << 0.0001, when the hyperalgesia in the
cordycepin-treated group is compared with vehicle at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), whereas in the groups
treated with vehicle or the combination of SU 6656 and U0126, the hyperalgesia was present at the fourth hour. These data indicate that systemic fentanyl produces type | priming in the peripheral
terminal of the nociceptor (n = 6 paws/6 rats per group).

peralgesia in the central terminal of the nociceptor. Treatment
with the combination of SU 6656 and U0126 almost completely
blocked the prolongation of intrathecal PGE,-induced hyperal-
gesia (Fig. 6A; F(, 30y = 304.62, p < 0.0001, when the combina-

tion of the inhibitors- and the vehicle-treated groups are
compared at the fourth hour after intrathecal PGE,; two-way
repeated-measures ANOVA). When PGE, was again injected in-
trathecally 15 d (Fig. 6B) or 30 d (Fig. 6C) after intrathecal treat-
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Figure 7.  Priming induced by intrathecal fentanyl is MOR dependent. A, Rats were treated intrathecally with MM-ODN (120
wg/20 pl/d; black bars) or AS-ODN (120 wug/20 pul/d; gray bars) against MOR mRNA, for 3 consecutive days. On the fourth day,
~ 17 h after the last ODN injection, fentanyl (100 ng/20 wl) was injected intrathecally and the mechanical nociceptive threshold
evaluated 1hafterinjection. Inthe MOR AS-ODN-treated group, intrathecal fentanyl did not induce mechanical hyperalgesiaat 1h
after its injection (F; 55) = 51.44, ***p << 0.0001; when the hyperalgesia in the MM-ODN and the AS-ODN treated groups is
compared at 1 h after intrathecal fentanyl; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Twelve
hours after intrathecal fentanyl, when the mechanical nociceptive threshold was not different from the pre-fentanyl baseline
(t;s) = 1.165; p = 0.2617, for the MM-ODN-treated group, and .5, = 0.8123; p = 0.4536, for the AS-ODN-treated group, when
the mechanical nociceptive threshold is compared before and after fentanyl; paired Student’s t test), PGE, (400 ng/20 l) was
injected intrathecally and the mechanical nociceptive threshold evaluated 30 min and 4 h after injection. In the AS-ODN-treated
group, intrathecal PGE, was not able to induce hyperalgesia at the fourth hour (F5 55, = 137.36, ***p < 0.0001, when the
hyperalgesia in the MM-ODN- and the AS-ODN-treated groups is compared at the fourth hour after intrathecal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), indicating that both hyperalgesia and priming induced by
intrathecal fentanyl are MOR dependent. B, A different group of rats that were also treated with MM-ODN or AS-ODN against MOR
mRNA received intrathecal fentanyl (100 ng/20 wl) and, 24 h later, PGE, (100 ng/5 wl) was injected intradermally on the dorsum
of the hindpaw. The mechanical nociceptive threshold was evaluated 30 min and 4 h after the injection of PGE,. In the AS-ODN-
treated group, intradermal PGE, did not produce prolonged hyperalgesia (F, ,o) = 151.52, ***p <<'0.0001, when the hyperal-
gesia in the MM-ODN- and the AS-ODN-treated groups is compared at the fourth hour after intradermal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), suggesting that the priming induced by intrathecal fentanyl in
the peripheral terminal of the nociceptor is also MOR dependent (n = 6 paws/6 rats per group).
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Another group of rats, also treated 48 h
prior with systemic fentanyl, received in-
tradermal vehicle, cordycepin, or the
combination of SU 6656 and U0126.
Ten minutes later, PGE, was injected in-
tradermally and the mechanical nocicep-
tive threshold was evaluated 30 min and
4 hlater. In the group treated with vehicle,
intradermal PGE, induced prolonged hy-
peralgesia (Fig. 6D; reduction in the me-
chanical nociceptive threshold was 35.3%,
when the vehicle-treated group are com-
pared before and 4 h after intradermal
PGE,), indicating that systemic fentanyl
induced priming in the peripheral termi-
nal of the nociceptor. In the group treated
with cordycepin, the hyperalgesia induced
by intradermal PGE, was not prolonged
(Fig. 6D; F(55) = 459.43, p < 0.0001,
when the vehicle- and the cordycepin-
treated groups are compared at the fourth
hour after intradermal PGE,; two-way
repeated-measures ANOVA). In addi-
tion, when PGE, was injected again, 15 d
(Fig. 6E) or 30 d (Fig. 6F) after the treat-
ment with inhibitors, prolongation of
PGE,-induced hyperalgesia was still not
present in the cordycepin-treated group
(15 d: F, 55, = 389.49, p < 0.0001; 30 d:
Fios0) = 406.02, p < 0.0001, when the
cordycepin-treated group is compared
with vehicle at the fourth hour after intra-
dermal PGE,; two-way repeated-measures
ANOVA). In contrast, in the vehicle-
treated and the combination of SU 6656
and U0126 inhibitors-treated groups,
intradermal injection of PGE, induced
prolonged hyperalgesia (Fig. 6D-F).
Therefore, the systemic administration of
fentanyl induces type I priming in the pe-
ripheral terminal of the nociceptor.

Priming is MOR dependent

To determine whether priming induced
by fentanyl (intrathecal or intradermal) is
mediated by its action at the MOR on
nociceptors, we evaluated whether
MOR AS would attenuate the induction
of fentanyl-induced priming. MM-ODN
or AS-ODN against MOR mRNA was ad-
ministered intrathecally daily for 3 con-
secutive days. On the fourth day, fentanyl
was injected intrathecally followed 12 h

ment with the inhibitors, the prolongation of PGE, hyperalgesia
was still not present in the group treated with the combination of
SU 6656 and U0126 inhibitors (15 d: F, 50y = 311.24, p < 0.0001;
30 d: F( 30y = 194.44, p < 0.0001, when the combination of the
inhibitors is compared with vehicle at the fourth hour after intra-
thecal PGE,; two-way repeated-measures ANOVA). However,
treatment with vehicle or cordycepin did not affect the prolonga-
tion of PGE,-induced hyperalgesia (Fig. 6A—C). Together, these
results suggest that systemic fentanyl induces type II priming at
the central nociceptor terminal.

(Fig. 7A) or 24 h (Fig. 7B) later by an injection of PGE, (intrathe-
cal or intradermal, respectively). Treatment with MOR AS-ODN
completely prevented the hyperalgesia induced by intrathecal
fentanyl (Fig. 7A; F(; 50y = 51.44, p < 0.0001, when the MM-
ODN- and the AS-ODN-treated groups are compared 1 h after
intrathecal fentanyl; two-way repeated-measures ANOVA) and
also the prolongation of PGE,-induced hyperalgesia when it was
injected at the central terminal (Fig. 7A; F; 50y = 137.36, p <
0.0001, when the AS-ODN-treated group is compared with MM-
ODN at the fourth hour after intrathecal PGE,; two-way
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repeated-measures ANOVA) or periph-
eral terminal (Fig. 7B; F(550, = 151.52,
p < 0.0001, when the MM-ODN- and the
AS-ODN-treated groups are compared at
the fourth hour after intradermal PGE,;
two-way repeated-measures ANOVA)of
the nociceptor. Therefore, the hyperalge-
sia and priming that developed in the
central and peripheral terminal of the
nociceptor, by intrathecal fentanyl, is
MOR dependent.

Fentanyl was also injected intrader-
mally in rats treated intrathecally with
MOR MM-ODN or AS-ODN, daily for
3 d. Three hours after an intradermal in-
jection of fentanyl, PGE, was injected in-
trathecally at the same site (Fig. 8A) or at
the opposite site, intrathecally (Fig. 8B).
In the AS-ODN-treated groups, PGE, was
not able to induce prolonged hyperalgesia
either in the peripheral terminal (Fig. 84;
Fis30) = 139.31,p < 0.0001, when the AS-
ODN-treated group is compared with
MM-ODN at the fourth hour after intra-
dermal PGE,) or central terminal (Fig. 8B;
Fi330) = 212.87, p < 0.0001, when the
MM-ODN- and the AS-ODN-treated
groups are compared at the fourth hour
after intrathecal PGE,; two-way repeated-
measures ANOVA).

Involvement of peptidergic and
nonpeptidergic nociceptors in priming
induced by intrathecal fentanyl

Type I priming, induced by inflamma-
tory mediators, occurs in IB4-positive
nonpeptidergic nociceptors (Joseph and
Levine, 2010), whereas type II priming in-
duced by repeated exposure to DAMGO
occurs in IB4-negative peptidergic neu-
rons (Araldi et al., 2018). We evaluated
whether priming in the central and pe-
ripheral nociceptor terminals, induced
by intrathecal fentanyl, is dependent
on peptidergic and/or nonpeptidergic
nociceptors. IB4-saporin, which destroys
IB4-positive nonpeptidergic neurons;
SSP-saporin, which destroys IB4-negative
peptidergic neurons; or their combina-
tion (IB4-saporin and SSP-saporin) was
injected intrathecally and, 14 d later, fen-
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Figure 8. Intradermal fentanyl induces MOR-dependent priming. A, Rats received intrathecal injections of MM-ODN
(120 g/20 pul/d; dark gray bars) or AS-ODN (120 1£g/20 pul/d; light gray bars) against MOR mRNA, daily for 3 consecutive days.
On the fourth day, ~17 h after the last ODN injection, fentanyl (100 ng/5 wl) was injected intradermally and the mechanical
nociceptive evaluated 1 h after its injection. Intradermal fentanyl was not able to induce hyperalgesia in the group treated with
AS-ODN for MOR (F; 3 = 74.95, ***p << 0.0001, when the hyperalgesia in the MM-ODN- and the AS-ODN-treated groups is
compared at 1 h afterintradermal fentanyl; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). Three hours
after intradermal fentanyl, when the mechanical nociceptive threshold was not different from pre-fentanyl baseline (5, =
0.1824; p = 0.8625, for the MM-ODN-treated group, and .5, = 0.1966; p = 0.8519, for the AS-ODN-treated group, when the
mechanical nociceptive threshold is compared before and after fentanyl; paired Student’s  test), PGE, (100 ng/5 w.l) was injected
intradermally and mechanical nociceptive threshold evaluated 30 min and 4 h after injection. Intradermal PGE, did not induce
prolonged hyperalgesia in the AS-ODN-treated group (F; 3, = 139.31,***p << 0.0001, when the hyperalgesia in the MM-ODN-
and the AS-ODN-treated groups is compared at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA
followed by Bonferroni post hoc test), indicating that intradermal fentanyl-induced hyperalgesia and priming in the peripheral
terminal of the nociceptoris MOR dependent. B, A different group of rats, also treated with MM-ODN or AS-ODN against MOR mRNA
for3 consecutive days, on the fourth day received intradermal fentanyl (100 ng/5 pul). Three hours after fentanyl, PGE, (400 ng/20
jul) was injected intrathecally and mechanical nociceptive threshold evaluated 30 min and 4 h later. The prolongation of PGE,-
induced hyperalgesia was not presentin the MOR AS-ODN-treated group (F, ,) = 212.87,***p << 0.0001, when the hyperalgesia
in the MM-ODN- and the AS-ODN-treated groups is compared at the fourth hour after intrathecal PGE,; two-way repeated-
measures ANOVA followed by Bonferroni post hoc test), indicating that priming in the central terminal of the nociceptor induced by
intradermal fentanyl is MOR dependent (n = 6 paws/6 rats per group).

tanyl was injected intrathecally. Intrathecal fentanyl was not able
to produce hyperalgesia, evaluated 1 h after its injection, in the
group pretreated with the combination of IB4-saporin and SSP-
saporin (Fig. 9A; F; 50y = 236.16, p < 0.0001, when the combi-
nation of saporins-treated group is compared with vehicle 1 h
after intrathecal fentanyl; two-way repeated-measures ANOVA),
indicating that the acute hyperalgesia induced by intrathecal
fentanyl is dependent on both nonpeptidergic and peptidergic
nociceptors. Twenty-four hours later, PGE, was injected intrad-
ermally and the mechanical nociceptive threshold evaluated 30
min and 4 h after its injection. Prolongation of PGE,-induced
hyperalgesia was weakly attenuated in the group treated with

IB4-saporin (F; ¢, = 20.42, p < 0.01, when the vehicle- and the
IB4-saporin-treated groups is compared at the fourth hour after
intradermal PGE,; two-way repeated-measures ANOVA), but
was present in other treated groups (Fig. 9A; F(; 59y = 2.41,p =
0.1238, when all groups are compared at the fourth hour after
intradermal PGE,; two-way repeated-measures ANOVA).
Therefore, priming induced in the peripheral terminal of the
nociceptor by intrathecal fentanyl is independent of nonpepti-
dergic and peptidergic neurons.

Another group of rats were treated with IB4-saporin or SSP-
saporin and 14 d later received intrathecal fentanyl. Twelve hours
later, when PGE, was injected intrathecally, the prolongation of



Araldi et al. e Fentanyl Induces Nociceptor Neuroplasticity J. Neurosci., February 28,2018 - 38(9):2226 —2245 « 2237

Il Vehicle [ 1B4-saporin Hl Vehicle I IB4-saporin
@ Fentanyl A [ SSP-saporin 1B4- and SSP-saporins B 1 SSP-saporin
entany|
kel kel
@ Priming detection 2 404 S 40
® [PGE,] (B; 12h after g 35- @ 35-
Vehicle, IB4-saporin, fentanyl) = _ £ a0
30 = 30
SSP-saporin or g 25 = 5
1B4- and SSP-saporins & E .
8 201 8 20 12hafter :
S [} . *
e 157 g 151 fer:gnyl
£ 104 * £ 104 ol
5 : = -
® g °7 5 57
Priming detection § 0 = t T 01 X
[PGE,] (A; 24h € 54 1h 24h  30min 4h € s 30 min 4h
S x j
after fentanyl) time after time after ° time after
intrathecal fentanyl intradermal PGE, intrathecal PGE,
@ |- Vehicle B I1B4-saporin [] SSP-saporin 1B4- and SSP-saporins
Vehicle, IB4-saporin, C D
; -
SSP-saporin or S 45+
IB4- and SSP-saporins % 10-
@ Priming detection = T
[PGE,] (D; 3h after = 357 B
fentanyl) E 30
o
8 254
3
@ 2 207 3h after
; | E 15 i.d. %
entany 2 10 *3 fentanyl *x
©) 2 s WM : %
imi & 1] ] 8 : @l Lh : .E
Priming detection < 0- - - - -
[PGE,] (C; 3h 2 . 1h 3h , _30min 4h | 30 min 4h
after fentanyl) time after time after time after
intradermal fentanyl intradermal PGE, intrathecal PGE,

Figure 9. Role of IB4-positive and negative nociceptors in hyperalgesia and priming induced by fentanyl. A, Rats received an intrathecal injection of vehicle (20 wl; black bars), IB4-saporin
(3.2 £g/20 wl; dark gray bars), SSP-saporin (100 ng/20 wl; light gray bars), or the combination (dotted bars) of IB4-saporin (3.2 .g/10 ) and SSP-saporin (100 ng/10 ). Fourteen days later,
when the mechanical nociceptive threshold was not different from pretreatment baseline (ts) = 0.6428; p = 0.5487, for the vehicle-treated group, t5, = 0.3085; p = 0.7701, for the
IB4-saporin-treated group, t5) = 0.7445; p = 0.9435, for the SSP-saporin-treated group, and t5) = 0.9114; p = 0.4039, for the combination of saporins-treated group, when the mechanical
nociceptive threshold is compared before and 14 d after treatments; paired Student’s ¢ test), fentanyl (100 ng/20 wul) was injected intrathecally and the mechanical nociceptive threshold evaluated
1h after injection. Intrathecal fentanyl-induced hyperalgesia was blocked in the group previously treated with the combination of B4-saporin and SSP-saporin (F 5 55, = 236.16, ***p << 0.0001;
when the hyperalgesia in the vehicle-treated and the combination of saporins-treated groups is compared at the first hour after intrathecal fentanyl; two-way repeated-measures ANOVA followed
by Bonferroni post hoc test), whereas fentanyl was able to induce hyperalgesia in the vehicle-treated, IB4-saporin-treated, and SSP-saporin-treated groups. Twenty-four hours later, when the
mechanical nociceptive threshold was not different from the pre-fentanyl baseline (5, = 0.7101; p = 0.5094, for the vehicle-treated group, 5, = 0.7776; p = 0.4720, for the IB4-saporin-treated
group, s, = 0.4406; p = 0.6779, for the SSP-saporin-treated group, and t,5) = 0.5368; p = 0.6145, for the combination of saporins-treated group, when the mechanical nociceptive threshold is
compared before and after fentanyl; paired Student's t test), PGE, (100 ng/5 ) was injected intradermally and the mechanical nociceptive receptor was evaluated 30 min and 4 h after injection.
The prolongation of PGE, hyperalgesia was present in the groups treated with vehicle, SSP-saporin, or the combination of saporins, but was weakly attenuated in the [B4-saporin-treated group
(Fs.60) = 20.42,**p < 0.01; when the hyperalgesia in the vehicle- and IB4-saporin-treated groups is compared at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA
followed by Bonferroni post hoc test). These findings demonstrate that intrathecal fentanyl acts in different classes of neurons to induce hyperalgesia and priming in the peripheral terminal of the
nociceptor. B, Groups of rats were treated with intrathecal vehicle (20 wl; black bars), IB4-saporin (3.2 11g/20 yl; dark gray bars) or SSP-saporin (100 ng/20 wul; light gray bars) followed 14 d later
by an intrathecal injection of fentanyl (100 ng/20 l). Twelve hours after fentanyl, PGE, (400 ng/20 wl) was injected intrathecally and mechanical nociceptive threshold evaluated 30 min and 4 h
later. The prolongation of PGE,-induced hyperalgesia was markedly attenuated in both groups treated IB4-saporin or SSP-saporin (F, 3 = 237.34,***p < 0.0001; when the hyperalgesia in the
vehicle-, IB4-saporin- and SSP-saporin-treated groups is compared at the fourth hour after intrathecal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), indicating
that both nonpeptidergic and peptidergic neurons are involved in priming induced at the central terminal by intrathecal fentanyl (n = 6 paws/6 rats per group). €, Rats received intrathecal vehicle
(20 pul; black bars), 1B4-saporin (3.2 £q/20 pl; dark gray bars), SSP-saporin (100 ng/20 wl; light gray bars), or the combination (dotted bars) of IB4-saporin (3.2 ug/10 wl) and SSP-saporin
(100 ng/10 pl). Fourteen days later, fentanyl (100 ng/5 wl) was injected intradermally on the dorsum of the hindpaw and the mechanical nociceptive threshold evaluated 1 h later. Intradermal
fentanyl did not induce hyperalgesia in the groups treated with SSP-saporin or the combination of saporins (F 5 ;,) = 109.04, ***p << 0.0001; when the hyperalgesia in the vehicle-, SSP-saporin-,
and the combination of saporins-treated groups is compared at the first hour after intradermal fentanyl; two-way repeated-measures ANOVA followed by Bonferroni post hoc test); however, it did
in the groups treated with vehicle or IB4-saporin, indicating that intradermal fentanyl-induced acute hyperalgesia is dependent on IB4-negative peptidergic nociceptors. Three hours after fentanyl,
when the mechanical nociceptive threshold was not different from the pre-fentanyl baseline (5, = 0.6625; p = 0.5369, for the vehicle-treated group, t5) = 1.062; p = 0.1942, for the
IB4-saporin-treated group, ts) = 0.3432; p = 0.7454, for the SSP-saporin-treated group, and ts) = 0.3750; p = 0.7231, for the combination of saporins-treated group, when the mechanical
nociceptive threshold is compared before and after fentanyl; paired Student’s t test), PGE, (100 ng/5 wl) was injected intradermally and the mechanical nociceptive evaluated 30 min and 4 h later.
In the group treated with the combination of saporins, PGE, hyperalgesia was significantly inhibited at the fourth hour (F 5 ,,) = 245.45, ***p << 0.0001; when the hyperalgesiain the vehicle-treated and in the
combination of saporins-treated groups is compared at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), indicating that intradermal fentanyl
requires both nonpeptidergic and peptidergic nociceptors to develop priming in the peripheral terminal. D, Fourteen days after the intrathecal treatment with vehicle, IB4-saporin, SSP-saporin, or the
combination of B4-saporin and SSP-saporin, fentanyl (100 ng/5 wul) was injected intradermally on the dorsum of the hindpaw followed, 3 h later, by an intrathecal injection of PGE, (400 ng/20 wl). The
mechanical nociceptive threshold was evaluated 30 min and 4 h after the injection of PGE,. The prolongation of PGE,-induced hyperalgesia was prevented in groups treated with SSP-saporin and the combination
of saporins (F, 54 = 263.10,***p <<0.0001; when the hyperalgesiain the vehicle-treated, SSP-saporin-treated, and the combination of saporins-treated groupsis compared at the fourth hour afterintrathecal
PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test), but not in the groups treated with vehicle or IB4-saporin, supporting the suggestion that intradermal fentanyl-induced priming
in the central terminal of the nociceptor is dependent on IB4-negative peptidergic nociceptor (n = 6 paws/6 rats per group).
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PGE,-induced hyperalgesia was markedly
attenuated in the groups treated with SSP-
saporin and IB4-saporin (Fig. 9B; F(, 30y =
237.34, p < 0.0001, when the vehicle- and
saporins-treated groups are compared at
the fourth hour after intrathecal PGE,;
two-way repeated-measures ANOVA),
indicating that priming induced in the
central terminal, by intrathecal fentanyl, is
dependent on both peptidergic and non-
peptidergic neurons.

Involvement of peptidergic and
nonpeptidergic nociceptors in priming
induced by intradermal fentanyl

In rats previously treated with SSP-
saporin or the combination of IB4-
saporin and SSP-saporin, intradermal
fentanyl-induced hyperalgesia was not
present (Fig. 9C; F(; 1, = 109.04, p <
0.0001, when the vehicle-treated, SSP-
saporin-treated, and the combination of
saporins-treated groups are compared
1 h after intradermal fentanyl; two-way
repeated-measures ANOVA), indicating
that hyperalgesia induced by intradermal
fentanyl is dependent on IB4-negative
peptidergic nociceptors. Three hours
later, PGE, was injected intradermally and
the mechanical nociceptive threshold was
measured 30 min and 4 h later. Although
intradermal PGE, induced prolonged hy-
peralgesia in the vehicle-treated, 1B4-
saporin-treated, and SSP-saporin-treated
groups, in the group treated with the com-
bination of saporins, intradermal PGE, was
not able to produce prolonged hyperal-
gesia (Fig. 9C; F3,, = 24545, p <
0.0001, when the combination of
saporins-treated group is compared
with vehicle at the fourth hour after intra-
dermal PGE,; two-way repeated-measures
ANOVA). Therefore, intradermal fenta-
nyl requires both peptidergic and non-
peptidergic neurons to develop priming
in the peripheral terminal.

Fourteen days after vehicle, IB4-
saporin, SSP-saporin, or their combina-
tion, a different group of rats received
intradermal fentanyl followed, 3 h later,
by intrathecal PGE, (Fig. 9D). The pro-
longation of PGE,-induced hyperalgesia
was blocked in the SSP-saporin and the

combination of saporins-treated groups (Fig. 9D; F, ,,) = 263.10,
p < 0.0001, when the vehicle-treated, SSP-saporin-treated, and the
combination of saporins-treated groups are compared at the
fourth hour after intrathecal PGE,; two-way repeated-
measures ANOVA), whereas in the vehicle-treated and 1B4-
saporin-treated groups, the prolongation of PGE,-induced
hyperalgesia was present at the fourth hour (Fig. 9D). Thus,
priming induced in the central terminal of the nociceptor by
intradermal fentanyl is dependent on IB4-negative peptidergic

neurons.
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Figure10. Ca’* dependence of priminginduced by intrathecal fentanyl. A, Rats were treated intrathecally with vehicle (10
black bars) or dantrolene (10 g/10 wl; gray bars) followed by fentanyl (100 ng/10 wul) at the same site. Mechanical nociceptive
threshold was evaluated 1 h after intrathecal fentanyl. Intrathecal fentanyl did not induce mechanical hyperalgesia in the
dantrolene-treated group (F; 3p) = 73.20, ***p << 0.0001 when the hyperalgesia in the vehicle- and the dantrolene-treated
groups is compared at the first hour after intrathecal fentanyl; two-way repeated-measures ANOVA followed by Bonferroni post
hoc test). Twelve hours after intrathecal fentanyl, when the mechanical nociceptive threshold was not different from the pre-
fentanyl baseline (t;s) = 1.153; p = 0.3012, for the vehicle-treated group, and t,5) = 0.2162; p = 0.8374, for the dantrolene-
treated group, when the mechanical nociceptive threshold is compared before and after fentanyl; paired Student’s ¢ test), PGE,
(400 ng/20 pl) was injected intrathecally and the mechanical nociceptive threshold evaluated 30 min and 4 h after injection. In the
dantrolene-treated group, the prolongation of PGE,-induced hyperalgesia was prevented (F; 30, = 142.71,%**p < 0.0001; when
the hyperalgesia in the dantrolene-treated group is compared with vehicle at the fourth hour after intrathecal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), indicating that the priming induced by intrathecal fentanyl is
dependent on ER Ca*" signaling. B, A second group of rats received vehicle (10 wl; black bars) or dantrolene (10 11g/10 l; gray
bars) intrathecally followed by fentanyl (100 ng/10 ul) at the samesite. Twenty-four hours later, when the mechanical nociceptive
threshold was not different from the pre-fentanyl baseline (5, = 0.8098; p = 0.4549, for the vehicle-treated group, and t5) =
2.101; p = 0.0997, for the dantrolene-treated group, when the mechanical nociceptive threshold is compared before and after
fentanyl; paired Student's ttest), PGE, (100 ng/5 wl) was injected intradermally on the dorsum of the hindpaw and the mechanical
nociceptive threshold evaluated 30 min and 4 h after injection. Intradermal PGE, did not induce prolonged hyperalgesia in the
group previously treated with intrathecal dantrolene (F, ,,) = 269.48, ***p << 0.0001; when the hyperalgesia in the vehicle- and
the dantrolene-treated groups is compared at the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA fol-
lowed by Bonferroni post hoc test), indicating that the priming developed in the peripheral terminal of the nociceptor by an
intrathecal injection of fentanylis also dependentonaCa*" signal arising from the central terminal (n = 6 paws/6 rats per group).

Calcium signaling in fentanyl-induced priming

The latency to onset of priming induced by intrathecal fentanyl
detected at the central terminal of the nociceptor was between 4
and 8 h (Fig. 2A) and, at the peripheral terminal, it was between
12 and 24 h (Fig. 2B). The latency to onset of priming induced by
intradermal fentanyl detected at both the central and peripheral
terminals was even shorter, being present by 1 h (Fig. 3, dotted
boxes). These latencies at the terminal remote to fentanyl admin-
istration were too short to be mediated by axonal transport. Be-
cause MOR activation can cause ER stress (Aoe, 2015), we
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Figure11.  Ca®" dependence of priming induced by intradermal fentanyl. A, Rats were treated intradermally with vehicle (5
ul; black bars) or dantrolene (1 wg/5 wl; gray bars) followed 10 min later by an injection of fentanyl (100 ng/5 wul) at the samessite.
Mechanical nociceptive threshold was evaluated 1 h after intradermal fentanyl. Fentanyl, was not able to produce mechanical
hyperalgesia in the dantrolene-treated group (F; 55) = 81.47, ***p < 0.0001; when the hyperalgesia in the vehicle- and the
dantrolene-treated groups is compared at the first hour after intradermal fentanyl; two-way repeated-measures ANOVA followed
by Bonferroni post hoc test). Three hours later, when mechanical nociceptive threshold was not different from the pre-fentanyl
baseline (.5, = 0.7869; p = 0.4670, for the vehicle-treated group, and t5) = 1.835; p = 0.1259, for the dantrolene-treated
group, when the mechanical nociceptive threshold is compared before and after fentanyl; paired Student’s ¢ test), PGE, (100 ng/
5 wl) was injected intradermally and the mechanical nociceptive threshold evaluated 30 min and 4 h after injection. PGE,-induced
hyperalgesia at the fourth hour, was not present in the dantrolene-treated group (F; 3p) = 143.08, ***p << 0.0001; when the
hyperalgesia in the dantrolene-treated group is compared with vehicle at the fourth hour after intradermal PGE,; two-way
repeated-measures ANOVA followed by Bonferroni post hoc test), indicating that both hyperalgesia and priming induced by an
intradermal injection of fentanyl is dependent on ER Ca** signaling. B, A second group of rats were treated intradermally with
vehicle (5 wl; black bars) or dantrolene (1 ug/5 wl; gray bars) followed 10 min later by an injection of fentanyl (100 ng/5 wl) at the
same site. Three hours later, PGE, (400 ng/20 ) was injected intrathecally and the mechanical nociceptive threshold evaluated
30 minand 4 hafter injection. The prolongation of PGE,-induced hyperalgesia at the fourth hour was prevented in the dantrolene-
treated group (F 50 = 114.78, ***p << 0.0001; when the hyperalgesia in the vehicle- and the dantrolene-treated groups is
compared at the fourth hour after intrathecal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test),
supporting the suggestion that intradermal fentanyl-induced priming, in the nociceptor central terminal, is dependent ona Ca
signal arising from the peripheral terminal (n = 6 paws/6 rats per group).

considered that the signal between central and peripheral termi-
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(Fig. 10B) after the intrathecal injection of
fentanyl, PGE, was injected intrathecally
(Fig. 10A) or intradermally (Fig. 10B) and
the mechanical nociceptive threshold
evaluated 30 min and 4 h after injection.
In the intrathecal dantrolene-treated
group, PGE, at either the central terminal
(Fig. 10A; F(y0) = 142.71, p < 0.0001,
when the vehicle- and the dantrolene-
treated groups are compared at the fourth
hour after intrathecal PGE,; two-way
repeated-measures ANOVA) or peripheral
terminal (Fig. 10B; F; 30y = 269.48, p <
0.0001, when the dantrolene-treated
group is compared with vehicle at the
fourth hour after intradermal PGE,; two-
way repeated-measures ANOVA) was not
able to induce prolonged hyperalgesia.
These findings support the suggestion
that the rapid onset of priming, in the cen-
tral and peripheral terminal of the nocice-
ptor, induced by intrathecal fentanyl is
dependent on an ER Ca*" signal.
Wealso evaluated whether the priming
induced by an intradermal injection of
fentanyl is related to Ca®™ signaling. Rats
were treated intradermally with dan-
trolene followed by an injection of fenta-
nyl at the same site. Intradermal fentanyl
failed to induce mechanical hyperalgesia in
dantrolene-treated rats (Fig. 11A; F(; 5
= 81.47, p < 0.0001, when the vehicle-
and the dantrolene-treated groups are
compared 1 h after intradermal fentanyl;
two-way repeated-measures ANOVA).
Three hours after intradermal fentanyl,
PGE, was injected at the same site (Fig.
11A) or intrathecally (Fig. 11B) and the
mechanical nociceptive threshold was
evaluated 30 min and 4 h after injection.
In the dantrolene-treated group, the pro-
longation of PGE,-induced hyperalgesia
was not present in either the peripheral
terminal (Fig. 114; F; 59) = 143.08, p <
0.0001, when the dantrolene-treated
group is compared with vehicle at the
fourth hour after intradermal PGE,; two-
way repeated-measures ANOVA) or cen-
tral terminal (Fig. 11B; F, 54, = 114.78,
p < 0.0001, when the vehicle- and the

nals, produced in response to fentanyl, might be mediated by
Ca’" signaling in the ER, initiated at its site of administration. To
test this hypothesis, we pretreated rats with an intrathecal injec-
tion of dantrolene (a ryanodine receptor blocker that prevents
calcium release from the ER) followed by fentanyl at the same
site. Intrathecal fentanyl was not able to induce mechanical hy-
peralgesia in the group treated with dantrolene (Fig. 10A; F, 54, =
73.20, p < 0.0001, when the dantrolene-treated group is com-
pared with vehicle 1 h after intrathecal fentanyl; two-way
repeated-measures ANOVA). Twelve hours (Fig. 10A) or 24 h

dantrolene-treated groups are compared at the fourth hour after
intrathecal PGE,; two-way repeated-measures ANOVA). Therefore,
the rapid latency to onset of priming in the central and peripheral
terminal of the nociceptor induced by an intradermal injection of
fentanyl is also dependent on Ca** signaling in the ER in the noci-
ceptor terminal.

We also tested whether priming induced by systemic (subcu-
taneous) fentanyl is mediated through Ca** signaling in the ER.
Rats were treated with intradermal (Fig. 12A) or intrathecal (Fig.
12B) dantrolene, followed by systemic fentanyl (20 pg/kg, 4 times,
15 min intervals). Forty-eight hours later, PGE, was injected intrad-
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ermally (in the intradermal dantrolene-
treated group; Fig. 12A) or intrathecally (in
the intrathecal dantrolene-treated group;
Fig. 12B) and the mechanical nociceptive
threshold was evaluated 30 min and 4 h after
injection. In the dantrolene-treated groups,
PGE, was not able to induce prolonged hy-
peralgesia in either the peripheral terminal
(Fig. 124; F550) = 280.79,p < 0.0001, when
the dantrolene-treated group is compared
with vehicle at the fourth hour after intra-
dermal PGE,; two-way repeated-measures
ANOVA) or central terminal (Fig. 12B;
Fon0) = 164.24, p < 0.0001, when the
vehicle- and the dantrolene-treated groups
are compared at the fourth hour after intra-
thecal PGE,; two-way repeated-measures
ANOVA) of the nociceptor. These findings
are in agreement with our previous results
(Figs. 10, 11) in which we found that type II
priming in the central and type I priming in
the peripheral terminal of the nociceptor are
dependent on an ER Ca?t signal. Of note,
the priming induced by fentanyl contrasts
with that induced by another MOR selective
agonist, DAMGO, which induces type II
priming requiring repeated administration
(hourly X 4) at the peripheral terminal with
a longer latency to onset that was not pre-
vented by intradermal dantrolene (data not
shown).

The findings of our behavioral experi-
ments reveal a crucial role of ryanodine
receptors in the rapid onset hyperalgesia
and priming induced by fentanyl. This
provides strong but still indirect support
of our main hypothesis about Ca** re-
lease from the ER in the nociceptor, as a
signaling mechanism for initiation of
priming. To provide further insight into
the underlying mechanism, we performed
in vitro calcium imaging experiments on
cultured DRGs. These experiments only
considered responses from small DRG
neurons (with soma diameter <30 pm)
because they predominantly represent the
C-type nociceptive subpopulation of pri-
mary sensory neurons (Harper and Law-
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Figure12. Systemicfentanylinduces R Ca*-dependent priming. A, Rats were treated intradermally with vehicle (5 w, black
bars) or dantrolene (1 wg/5 l, gray bars) followed 10 min later by subcutaneous fentanyl (20 wg/kg, X 4, every 15 min).
Forty-eight hours later, when the mechanical nociceptive threshold was not different from the pre-fentanyl baseline (¢, =
0.7892; p = 0.5207, for the vehicle-treated group, and t,5) = 0.9004; p = 0.1744, for the dantrolene-treated group, when the
mechanical nociceptive threshold is compared before and after subcutaneous fentanyl; paired Student’s ¢ test), PGE, (100 ng/5 wl)
was injected intradermally on the dorsum of the hindpaw and the mechanical nociceptive threshold evaluated 30 minand 4 h after
injection. In the group treated with dantrolene, PGE, did not induce prolonged hyperalgesia (F, ,o, = 280.79, ***p << 0.0001;
when the hyperalgesia in the dantrolene-treated group is compared with vehicle at the fourth hour after intradermal PGE,;
two-way repeated-measures ANOVA followed by Bonferroni post hoc test), supporting the suggestion that subcutaneous fentanyl-
induced priming in the peripheral terminal of the nociceptor is dependent on ER Ca®™ signaling. B, A different group of rats
received intrathecal vehicle (20 wl, black bars) or dantrolene (10 1£g/20 wl, gray bars) followed 10 min later by subcutaneous
fentanyl (20 wg/kg, X 4, every 15 min). Forty-eight hours later, PGE, (400 ng/20 ul) was injected intrathecally and mechanical
nociceptive threshold evaluated 30 min and 4 h later. Treatment with dantrolene markedly blocked the prolongation of PGE,-
induced hyperalgesia (F, ,) = 164.24, ***p < 0.0001; when the hyperalgesia in the vehicle- and the dantrolene-treated groups
is compared at the fourth hour after intrathecal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test),
indicating that priming induced in the central terminal, by subcutaneous fentanyl, is also dependent on ER Ca™ release (n = 6
paws/6 rats per group).

sient (Fig. 13), confirming that fentanyl can increase [Ca** ], in small

son, 1985; Gold et al., 1996). Using fluorescent calcium imaging
with fura-2, we first tested whether direct extracellular application
of fentanyl to nociceptors is able to stimulate Ca>" release from the
ER asrevealed by increase in cytosolic free calcium ion concentration
([Ca**]; ie., calcium transient). To address this question, we used
fentanyl 500 pM, which is close to therapeutic concentrations of 1-10
nM (Verplaetse and Henion, 2016; Baselt, 2017). To isolate a Ca’*
signal produced by calcium release from the ER and to exclude pos-
sible Ca*" entrance from extracellular space, experiments were con-
ducted in nominally calcium-free solution achieved via chelating of
Ca”" by EGTA. Calcium-free solution was applied just 5 min before
any drug applications to avoid the negative effect of prolonged ex-
posure to a calcium-free medium, including depletion of calcium
stores of the ER. Administration of fentanyl produced a Ca** tran-

DRG neurons (putative nociceptors).

To determine whether the increase in [Ca*™]; induced by
fentanyl involves ryanodine receptors, their antagonist, dan-
trolene (1 M), was administrated 10 min before fentanyl and
fentanyl was applied while dantrolene continued to be in the
experimental chamber (Fig. 13). This resulted in attenuation
of response to fentanyl by 64% (t,,, = 6.1, adjusted p <
0.0001, Bonferroni post hoc test). Amplitude of responses to
naloxone, fentanyl after naloxone, and fentanyl after dan-
trolene were not significantly different from each other, whereas
they were significantly smaller than the response to fentanyl alone
(Fig. 135 F3.116) = 28, p < 0.0001, one-way ANOVA followed by
Bonferroni post hoc test for all pairs). Together, our in vivo behavioral
and in vitro calcium imaging findings support our hypothesis that
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Figure13.  Fentanylinduces Ca®" release from the endoplasmicreticulum. Bars left to right
show pooled amplitudes of response to fentanyl (500 pw; black bar) alone (n = 35), fentanyl
after dantrolene (1 wu; dotted bar) (n = 29), naloxone (10 wm; gray bar) alone (n = 23), and
fentanyl after naloxone (n = 33; white bar). All drugs were administrated in calcium-free
solution to isolate calcium signal from ER. Amplitude of the response to fentanyl after dan-
trolene, naloxone and fentanyl after naloxone were statistically not significantly different be-
tween each other, whereas they were all significantly smaller then response to fentanyl alone
(Fi3.116) = 28, p < 0.0001, one-way ANOVA followed by Bonferroni post hoc test for all pairs:
when compared with fentanyl alone, £4,) = 6.1, “**adjusted p << 0.0001 for fentanyl after
dantrolene; t,s) = 7.3, ***adjusted p < 0.0001 for naloxone; t,sg = 7.9, *adjusted p <
0.0001 for fentanyl after naloxone; ¢4, = 1.5, adjusted p = 0.76 when fentanyl after dan-
trolene is compared with fentanyl after naloxone; 5, = 1.6, adjusted p = 0.68 when fentanyl
after dantrolene is compared with naloxone; t5,) = 0.20, adjusted p = 0.999 when fentanyl
after naloxone is compared with naloxone).

Ca”" release originated from activation of ryanodine receptors in
the ER, in the fentanyl-stimulated terminal, might be the signal pro-
duced in response to activation of opioid receptors that leads to
priming,

To confirm that calcium release is opioid receptor dependent,
naloxone (10 uM) was administrated 10 min before fentanyl and
then fentanyl applied with naloxone still present in the experi-
mental chamber (Fig. 13). Changes in [Ca*" |, after application of
naloxone alone were approximately 17% of response to fentanyl
(ts6) = 7.3, adjusted p << 0.0001, Bonferroni post hoc test),
whereas response to fentanyl was blocked by 80% (t = 7.9,
adjusted p < 0.0001, Bonferroni post hoc test) and was not signifi-
cantly different from the small response to naloxone alone
(t(s4y = 0.20, adjusted p = 0.999, Bonferroni post hoc test). These
small changes in [Ca*"]; (corresponding changes in ratio <1% of
baseline) after application of naloxone alone and fentanyl after nal-
oxone were close to noise resolution of recordings and approxi-
mately the same as “responses” to vehicle application (calcium-free
solution itself in a separate experiment, data not shown). Therefore,
we cannot fully exclude that these were responses to a switch of
solutions. In agreement, in vivo experiments demonstrated that pre-
treatment with intradermal naloxone followed 30 min later by nal-
oxone combined with fentanyl injected at the same site, completely
prevented the hyperalgesia induced by fentanyl (by 96.7%; Fig. 14;
taoy = 17.74, p < 0.0001, when vehicle- and naloxone-treated
groups are compared 1 h after intradermal fentanyl; unpaired Stu-
dent’s t test). Three hours after fentanyl, when PGE, (100 ng) was
injected intradermally, prolonged hyperalgesia was inhibited in the
group treated with naloxone (by 90.5%; Fig. 14; t,o) = 11.57, p <
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Figure 14.  Hyperalgesia and priming induced by fentanyl in the peripheral terminal is opi-
oid receptor dependent. Rats received intradermal vehicle (saline, 5 wl, black bars) or naloxone
(1 g/5 pl; dotted bars). Thirty minutes later, vehicle (2 wl) combined with fentanyl (100 ng/
2 wl) or naloxone (1 g/2 wl) combined with fentanyl (100 ng/2 ) were injected intrader-
mally in the vehicle- or naloxone-treated groups, respectively. In the group treated with nalox-
one, fentanyl did not induce hyperalgesia as evaluated 1 h after its injection (t,o) = 17.74,
¥¥¥p < 0.0001, when the vehicle and naloxone groups are compared 1 h after intradermal
fentanyl, unpaired Student's ttest). Three hours later, when the mechanical nociceptive thresh-
old was not different from the pre-fentanyl baseline (t5) = 1.712; p = 0.6022, for the vehicle-
treated group and t5) = 1.547; p = 0.8210, for the naloxone-treated group, when the
mechanical nociceptive threshold is compared before and after intradermal fentanyl; paired
Student'sttest), PGE, (100 ng/5 wl) was injected intradermally and the mechanical nociceptive
threshold evaluated 30 min and 4 h later. PGE, induced hyperalgesia in all treated groups 30
min after injection; however, the fourth hour of PGE,-induced hyperalgesia was completely
blocked in the group treated with naloxone (¢,,) = 11.57, ***p < 0.0001, when the vehicle
and naloxone groups are compared at the fourth hour after intradermal PGE,, unpaired Stu-
dent’s t test). These data support hyperalgesia and priming induced by fentanyl in the periph-
eral terminal of the nociceptor is opioid receptor mediated (n = 6 paws/6 rats per group).

Table 1. Summary of the findings involved in the signaling pathway of systemic,
central, or peripheral fentanyl-induced hyperalgesia and priming

Opioid hyperalgesia Central PGE, Peripheral PGE,

Central fentanyl

Protein translation NE - +

Srcand MAPK NE +

MOR + + +

Peptidergic - + -

Nonpeptidergic — +

Pep and nonpeptidergic + - -

(alcium + + +
Peripheral fentanyl

Protein translation NE - +

Srcand MAPK NE + —

MOR + + +

Peptidergic + + —

Nonpeptidergic - - -

Pep and nonpeptidergic + + +

(alcium + + +
Systemic fentanyl

Protein translation NE — +

Srcand MAPK NE + -

(alcium NE + +

+, Involved in the priming mechanism; —, not involved in the priming mechanism; NE, not evaluated.
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0.0001, when vehicle and naloxone-treated groups are compared at
the fourth hour after intradermal PGE,; unpaired Student’s t test),
confirming that hyperalgesia and priming induced by fentanyl in the
peripheral terminal of the nociceptor is opioid receptor dependent.

The following results are summarized in Table 1: (1) the sig-
naling pathway involved in OIH (evaluated 1 h after fentanyl)
and priming (evaluated by a central or peripheral injection of
PGE,) induced by central fentanyl; (2) the signaling pathway
involved in OIH and priming (evaluated by central or peripheral
PGE,) induced by peripheral fentanyl; and (3) the signaling path-
way involved in systemic fentanyl-induced priming in the central
and peripheral terminal of the nociceptor.

Discussion

Hyperalgesia has been reported to occur after a single adminis-
tration of opioids, most frequently for members of the fentanyl
class (Collett, 1998; Chia et al., 1999; Buntin-Mushock et al.,,
2005). Recently, we developed a model of OIH and priming (type
II) in which repeated exposure to DAMGO, a MOR selective
agonist, induced hyperalgesia and the subsequent prolongation
of PGE,-induced hyperalgesia (Araldi et al., 2015, 2017a, 2018).
Fentanyl administered at either central or peripheral terminals
also induced mechanical hyperalgesia, peaking by 60 min after
administration and returning to baseline by 240 and 180 min, for
the central and peripheral site of injection, respectively.

Intrathecal, intradermal, and systemic fentanyl induced type I
priming in peripheral and type II priming in central nociceptor
terminal. Although repeated exposure to the MOR agonist
DAMGO induced type II priming in the peripheral terminal
(Araldi et al., 2015, 2017a, 2018), fentanyl, also a MOR agonist,
induced type I priming in the peripheral terminal. The reason for
this difference in type of priming induced by two different MOR
agonists remains to be explained. However, because MOR anti-
sense prevents both DAMGO- and fentanyl-induced priming,
biased agonism at MOR may contribute (Al-Hasani and Bruchas,
2011). Although type I priming induced by agonists at receptors
in the peripheral terminal that signal by activation of PKCe (Jo-
seph and Levine, 2010) requires 72 h to develop, in the peripheral
terminal (Aley et al., 2000; Bogen et al., 2012), intradermal fen-
tanyl requires ~1 h to induce type I priming at this site, as was
observed in type I priming induced by intradermal ryanodine
(data not shown). Because ryanodine induces type I priming by
acting downstream of protein kinase ¢ (PKCe) (Ferrari et al.,
2016; Khomula et al., 2017), one explanation for this rapid onset
for type I priming is that it is mediated by ER Ca*" signaling
(Khomula et al., 2017).

Priming induced by intradermal fentanyl was also already de-
tectable at 1 h in the central terminal. This latency to develop
priming is too short to be mediated by axonal transport, as we
have observed previously for PKCe-induced type I priming (Aley
et al., 20005 Ferrari et al., 2014). Because MOR agonists induce
the release of Ca®" from ER through ryanodine receptors
(Velazquez-Marrero et al., 2014), we considered that the message
between central and peripheral terminals was mediated by Ca**
signaling. In support of this hypothesis, pretreatment with dan-
trolene (a ryanodine receptor blocker that prevents calcium re-
lease from the ER) at the central or peripheral nociceptor
terminal prevented the induction of priming induced by intra-
thecal, intradermal, and systemic fentanyl. We demonstrated re-
cently that the activation of ryanodine receptors, which releases
Ca’* from the ER and induces Ca** signaling, induces type I
priming in the peripheral terminal of the nociceptor (Khomula et
al., 2017). Although chronic MOR activation may cause ER stress
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and alter signal transduction (Aoe, 2015), pretreatment with
dantrolene did not prevent the induction of type II priming in-
duced by repeated exposure to DAMGO (data not shown), sup-
porting the suggestion that different MOR agonists activate
different downstream second messengers (Bohn et al., 2000; Al-
Hasani and Bruchas, 2011; Groer et al., 2011). Opioids produce
changes in MOR signaling that cannot be fully explained by the
classic G-protein-coupled receptor (GPCR) signaling pathway
and may reflect switching in intracellular second messengers.
Studies have identified how ligand-directed responses are crucial
in understanding the complexity of opioid-induced changes in the
signaling pathways downstream of MOR. GPCR phosphorylation-
induced switching has been studied intensively in B-arrestin—medi-
ated signaling. The work of Bohn et al. (2000) showed how
B-arrestin 1 and B-arrestin 2 differentially mediate the regulation of
MOR. B-arrestins are required for internalization, but only
B-arrestin 2 can rescue morphine-induced MOR internalization,
whereas both B-arrestin 1 and 2 can rescue DAMGO-induced MOR
internalization (Groer et al., 2011). Together, these findings suggest
that MOR regulation is dependent on the agonist used, which may
be critical in understanding the mechanism underlying opioid-
induced hyperalgesia and priming.

Our in vivo behavioral findings were complemented by in vitro
experiments demonstrating that fentanyl induced Ca*" tran-
sients that were markedly inhibited by pretreatment with dan-
trolene and naloxone. Recently, it was demonstrated that
activation of the ryanodine receptor, which releases Ca** from
the ER and induces Ca** signaling (Futagi and Kitano, 2015;
Evans et al., 2016), is associated with the induction of type I
priming (Khomula et al., 2017). We propose that fentanyl re-
leases Ca** from the ER to affect multiple and diverse signaling
events, including local protein synthesis and degradation (Saito
and Cavalli, 2016). Importantly, these local signals can also have
long-distance effects mediated by propagating Ca*" waves (Saito
and Cavalli, 2016).

Using MOR antisense, we demonstrated recently that type II
priming, induced by DAMGO, is MOR dependent in the periph-
eral nociceptor terminal (Araldi et al., 2018). Similarly, our cur-
rent findings show that hyperalgesia and prolongation of PGE,
hyperalgesia induced by intrathecal and intradermal fentanyl
were also MOR dependent at both the central and peripheral
nociceptor terminal. These results are in agreement with a recent
report demonstrating that MORs, expressed by primary afferent
nociceptors, initiate tolerance and opioid-induced hyperalgesia
by chronic systemic opioid administration (Corder et al., 2017).

MOR is an inhibitory GPCR through which endogenous opi-
oids regulate a variety of physiological functions, including anal-
gesia (Kieffer and Gaveriaux-Ruff, 2002). MOR mediates the
pain-relieving effects of some of the most clinically efficacious
analgesics (Scherrer et al., 2009). Immunohistochemical studies
demonstrated that MOR is expressed in a subpopulation of pri-
mary afferent “pain” fibers (nociceptors), the majority small-
diameter, peptidergic afferents (Arvidsson et al., 1995; Scherrer et
al., 2009; Usoskin et al., 2015). Recently, we demonstrated that
the induction of OIH and type II priming by repeated exposure to
the MOR agonist DAMGO was prevented by pretreatment with
SSP-saporin, which eliminates IB4-negative peptidergic neurons
(Araldi et al., 2018). Here, we evaluated whether intrathecal or
intradermal fentanyl-induced hyperalgesia and priming are de-
pendent on nonpeptidergic and/or peptidergic nociceptors
(Table 1). Priming produced in the peripheral terminal of the
nociceptor by intrathecal fentanyl was not prevented by pretreat-
ment with a combination of both saporins, which is compatible
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with the presence of a novel class of nociceptors, in which fenta-
nyl can also induce priming. A recent study found that ~ 20% of
TRPV1 " neurons are negative for both peptidergic and nonpep-
tidergic markers, indicating that the peptidergic and nonpepti-
dergic classes of C-fiber do not account for the entirety of
unmyelinated primary afferents (Cavanaugh et al., 2011). We
proposed that type I priming induced by direct activation of
PKCe is dependent on nonpeptidergic neurons (Joseph and
Levine, 2010) and type II induced by DAMGO is dependent on
peptidergic nociceptors (Araldi et al., 2018); however, this cannot
explain fentanyl-induced priming. Together, these data indicate
complex effects of intrathecal and intradermal fentanyl in the
peripheral and central terminals of nonpeptidergic and/or pepti-
dergic nociceptors. In agreement with other studies (Abraham-
sen et al., 2008; Cavanaugh et al., 2009), our results indicate that,
at the level of the peripheral nociceptor terminal, there is behav-
iorally relevant specificity and selective regulation of the hyperal-
gesia and priming, induced by fentanyl, can be produced by
subsets of nociceptors.

We conclude that fentanyl, acting at MOR on nociceptors,
rapidly induces acute hyperalgesia and priming at both central
and peripheral terminals, which are mediated by ER Ca*" signal-
ing. Priming in the central terminal is type II, whereas that in the
peripheral terminal is type I. The current findings and proposed
mechanisms involved in fentanyl-induced OIH and priming are
summarized in Table 1. Given the complexity of the signaling
pathway, downstream of MOR, activated after a single adminis-
tration of fentanyl, our data support a way forward to develop
therapeutics for selectively disrupting individual MOR signaling
pathways to maintain adequate long-lasting pain control. Similarly,
understanding the underlying mechanisms for opioid-induced hy-
peralgesia and priming may provide useful information for the de-
sign of drugs with improved therapeutic profiles to treat OTH and
chronic pain.
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