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Cellular/Molecular

Role of Nociceptor Toll-like Receptor 4 (TLR4) in
Opioid-Induced Hyperalgesia and Hyperalgesic Priming

Dioneia Araldi,">? Oliver Bogen,?> Paul G. Green,>>* and ““Jon D. Levine'->?
Department of Medicine, 2Department of Oral and Maxillofacial Surgery, *Division of Neuroscience, and *Department of Preventative and Restorative
Dental Sciences, University of California at San Francisco, San Francisco, California 94143

In addition to analgesia, opioids produce opioid-induced hyperalgesia (OIH) and neuroplasticity characterized by prolongation of
inflammatory-mediator-induced hyperalgesia (hyperalgesic priming). We evaluated the hypothesis that hyperalgesia and priming in-
duced by opioids are mediated by similar nociceptor mechanisms. In male rats, we first evaluated the role of nociceptor Toll-like receptor
4 (TLR4) in OIH and priming induced by systemic low-dose morphine (LDM, 0.03 mg/kg). Intrathecal oligodeoxynucleotide antisense to
TLR4 mRNA (TLR4 AS-ODN) prevented OIH and prolongation of prostaglandin E, hyperalgesia (priming) induced by LDM. In contrast,
high-dose morphine (HDM, 3 mg/kg) increased nociceptive threshold (analgesia) and induced priming, neither of which was attenuated
by TLR4 AS-ODN. Protein kinase C € (PKCe) AS-ODN also prevented LDM-induced hyperalgesia and priming, whereas analgesia and
priming induced by HDM were unaffected. Treatment with isolectin B4 (IB4)-saporin or SSP-saporin (which deplete IB4 * and peptider-
gic nociceptors, respectively), or their combination, prevented systemic LDM-induced hyperalgesia, but not priming. HDM-induced
priming, but not analgesia, was markedly attenuated in both saporin-treated groups. In conclusion, whereas OIH and priming induced by
LDM share receptor and second messenger mechanisms in common, action at TLR4 and signaling via PKCe, HDM-induced analgesia,
and priming are neither TLR4 nor PKCe dependent. OIH produced by LDM is mediated by both IB4 " and peptidergic nociceptors,
whereas priming is not dependent on the same population. In contrast, priming induced by HDM is mediated by both IB4 " and
peptidergic nociceptors. Implications for the use of low-dose opioids combined with nonopioid analgesics and in the treatment of opioid
use disorder are discussed.
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~

Opioid-induced hyperalgesia (OIH) and priming are common side effects of opioid agonists such as morphine, which acts at
p-opioid receptors. We demonstrate that OIH and priming induced by systemic low-dose morphine (LDM) share action at
Toll-like receptor 4 (TLR4) and signaling via protein kinase C & (PKCe) in common, whereas systemic high-dose morphine
(HDM)-induced analgesia and priming are neither TLR4 nor PKCe dependent. OIH produced by systemic LDM is mediated by
isolectin B4-positive (IB4 ") and peptidergic nociceptors, whereas priming is dependent on a different class of nociceptors.
Priming induced by systemic HDM is, however, mediated by both IB4 ™ and peptidergic nociceptors. Our findings may provide
useful information for the use of low-dose opioids combined with nonopioid analgesics to treat pain and opioid use disorders.

/Signiﬁcance Statement

(Lewis et al., 2010; Hutchinson et al., 2011; Due et al., 2012; Bai et
al., 2014; Johnson et al., 2014; Ellis et al., 2016). MORs are dis-
tributed throughout the CNS and within peripheral tissues, neu-
ronal and nonneuronal (Stein et al., 2003; Pathan and Williams,
2012). Action at MORs in the CNS, including in the midbrain
(Pathan and Williams, 2012) and substantia gelatinosa of the
spinal dorsal horn (Grudt and Williams, 1994; Pathan and Wil-

Introduction

The majority of opioid agonists used in clinical practice act at
w-opioid receptors (MORs) to produce analgesia, with some
having additional activity at other opioid receptors (Trafton et
al., 2000; Al-Hasani and Bruchas, 2011) and nonopioid receptors
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liams, 2012) are thought to be critical for opioid-induced analge-
sia. However, the mechanisms mediating the side effects of
opioid analgesics are less well understood.

We recently demonstrated that, whereas systemic high-dose
morphine (HDM, 3 mg/kg; s.c.) increases nociceptive threshold
(analgesia), low-dose morphine (LDM, 0.03 mg/kg; s.c.) de-
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creases nociceptive threshold (hyperalgesia) (Ferrari et al., 2019).
Measured well after administration of either LDM or HDM,
when nociceptive threshold had returned to premorphine base-
line, hyperalgesia induced by the direct-acting pronociceptive
mediator prostaglandin E, (PGE,) was markedly prolonged, a
key feature of hyperalgesic priming (Ferrari et al., 2019). When
animals were treated with an AS-ODN to MOR mRNA intrathe-
cally, systemic LDM still induced priming and LDM OIH was
only slightly attenuated (Ferrari et al., 2019), indicating that
LDM-induced priming is not, and OIH is only partially, MOR
dependent. In MOR antisense-treated rats, analgesia and priming
induced by HDM were only partially attenuated; thus, the effects
of both LDM and HDM are only partially MOR dependent (Fer-
rari et al., 2019). The receptor at which systemic LDM acts in the
induction of OIH and priming and the second messengers in-
volved remain unknown. Importantly, of those opioid analgesics
used in clinical practice, many are also Toll-like receptor 4
(TLR4) agonists, including morphine (Watkins et al., 2009;
Wang et al., 2012) and the morphine metabolite morphine-3-
glucuronide (M3G) (Lewis et al., 2010; Due et al., 2012). Indeed,
some studies have implicated TLR4, an innate immunity pattern
receptor (Mogensen, 2009) present on sensory neurons (Barajon
et al,, 2009), as the receptor mediating opioid-induced hyperal-
gesia (Lewis et al., 2010; Hutchinson et al., 2011; Due et al., 2012;
Bai et al., 2014; Johnson et al., 2014; Ellis et al., 2016), whereas
other studies led to contrasting results (Due et al., 2012; Ferrini et
al., 2013; Johnson et al., 2014; Mattioli et al., 2014; Skolnick et al.,
2014; Roeckel et al., 2016; Corder et al., 2017).

Two types of hyperalgesic priming with distinct cellular mech-
anisms have been distinguished (Araldi et al., 2015). Induction
and expression of type I priming by inflammatory mediators or
activation of protein kinase C & (PKCeg) (Aley et al., 2000; Parada
et al., 2003b; Joseph and Levine, 2010b; Bogen et al., 2012) is
maintained by ongoing protein translation in nerve terminals
(Ferrari et al., 2013) occurring in isolectin B4-positive (IB4™)
nociceptors (Joseph and Levine, 2010a). In contrast, mainte-
nance of type II priming, induced by opioids, depends on simul-
taneous activation of Src and mitogen-activated protein kinase
(MAPK) (Araldi et al., 2017a) and occurs in peptidergic neurons
(Araldi et al., 2017a). Although we previously demonstrated that
systemic administration of both LDM and HDM induces type I
priming because they were both reversed by a protein translation
inhibitor (Ferrari et al., 2019), the involvement of PKCe and the
role of IB4 * and/or IB4 ~ nociceptors is unknown. In this study,
we evaluated the role of TLR4 and PKCe in systemic LDM- and
HDM-induced hyperalgesia and analgesia, respectively, and
priming. We also evaluated the role of IB4* and peptidergic
nociceptors.

Materials and Methods

Animals

All experiments were performed on 220—420 g adult male Sprague Daw-
ley rats (Charles River Laboratories). Experimental animals were housed
three per cage under a 12 h light/dark cycle in a temperature- and
humidity-controlled animal care facility at the University of California,
San Francisco. Food and water were available ad libitum. Nociceptive
testing was performed between 9:00 A.M. and 5:00 P.M. Experimental
protocols were approved by the Institutional Animal Care and Use Com-
mittee 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.
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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 a
rat’s hindpaw, as described previously (Taiwo and Levine, 1989; Taiwo et
al., 1989; Araldi et al., 2015, 2017a; Ferrari and Levine, 2015). Rats were
placed in cylindrical acrylic restrainers designed to provide ventilation
and allow extension of the hind legs from lateral ports in the cylinder
during the assessment of nociceptive threshold, thus minimizing re-
straint stress. To acclimatize rats to the testing procedure, they were
placed in restrainers for 40 min before starting each training session (3
consecutive days of training) and for 30 min before experimental manip-
ulations. Nociceptive threshold was defined as the force, in grams, at
which the rat withdrew its paw. Baseline paw pressure mechanical noci-
ceptive threshold was defined as the mean of the three readings taken
before test agents were injected. In each experiment, only one paw per rat
was used. Each experiment was performed on a different group of rats.
Individuals performing the behavioral experiments were blinded to ex-
perimental interventions.

Drugs and their administration

The following compounds were used in experiments: morphine sulfate
salt pentahydrate (a w, 8, and k opioid receptor agonist) and PGE, (a
direct-acting hyperalgesic agent that sensitizes nociceptors), both from
Sigma-Aldrich. The stock solution of PGE, (1 ug/ul) was prepared in
10% ethanol and additional dilution made with physiological saline
(0.9% NaCl), yielding a final ethanol concentration <2%. Morphine was
dissolved in saline.

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 Dick-
inson). Importantly, in vivo control experiments have previously shown
that the final concentration of ethanol (2%) used to prepare the PGE,
solution alone had no effect on mechanical nociceptive threshold (Fer-
rari et al., 2016).

Morphine was administered subcutaneously at the nape of the neck
(Araldi et al., 2018Db). Rats received an injection of morphine (0.03 or 3
mg/kg) and the mechanical nociceptive threshold was evaluated 15, 30,
45, and 60 min after morphine administration (Ferrari et al., 2019).
Systemic morphine was diluted in saline and administered subcutane-
ously (100 ul/100 g body weight).

ODNs AS to TLR4 and PKCe mRNA

To investigate the role of TLR4 and PKCe in the hyperalgesia and prim-
ing induced by systemic administration of morphine, ODN AS or
mismatch. (MM) for TLR4 and PKCe mRNA were administered intra-
thecally. The AS-ODN sequence for TLR4,5"-AGG AAG TGA GAG TGC
CAA CC-3', was directed against a unique region of rat TLR4 (Uni-
ProtKB database entry Q9QXO05). The MM-ODN sequence, 5'-ACG
ATG CGA GAG AGT CAC CG-3' for TLR4, corresponds to the antisense
sequence with seven bases mismatched (denoted by bold letters). MM-
and AS-ODN to PKCe mRNA were prepared as described previously
(Parada et al., 2003a). The AS-ODN sequence, 5'-GCC AGC TCG ATC
TTG CGC CC-3’, was directed against a unique sequence of rat PKCe
mRNA. The corresponding GenBank (National Institutes of Health,
Bethesda, MD) accession number and ODN position within the
c¢DNA sequence are XM345631 and 226-245, respectively. We have
previously shown that spinal intrathecal administration of AS-ODN
with this sequence decreases PKCe in dorsal root ganglia (DRG) com-
pared with rats administered with ODN mismatch (Parada et al.,
2003a,b). The sequence of the MM-ODN, 5'-GCC AGC GCG ATC
TTT CGC CC-3', corresponds to the PKCe antisense sequence with
two bases mismatched (denoted by bold letters). All ODNs were syn-
thesized by Life Technologies.

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 (total of 120 g in 20 ul). AS- or MM-ODNs were
injected daily for 3 consecutive days and on the fourth day, ~17 h after
the last ODN injection, morphine (0.03 or 3 mg/kg) was injected system-
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ically (100 ul/100 g of body weight, s.c.) and the mechanical nociceptive
threshold was evaluated 15, 30, 45, and 60 min after morphine. At the end
of the fourth day, rats again received a dose of AS- or MM-ODN for TLR4
or PKCe. Twenty-four hours after the systemic administration of mor-
phine, PGE, (100 ng in 5 ul) was injected intradermally and mechanical
nociceptive threshold evaluated 30 min and 4 h later. Prolongation of
hyperalgesia is defined by its continued presence 4 h after injection of
PGE, (Aley et al., 2000; Reichling and Levine, 2009; Ferrari et al., 2014;
Araldi et al., 2015, 2017a, 2018a). As described previously (Alessandri-
Haber et al., 2003), rats were anesthetized with isoflurane (2.5% in O,)
and ODN was injected intrathecally using a syringe (300 units/ul) at-
tached to a 29-gauge needle inserted into the subarachnoid space be-
tween the L4 and L5 vertebrae. A total of 120 ug of AS- or MM-ODN in
a volume of 20 pl was then injected. When anesthesia was stopped, rats
regained consciousness, ~2 min after the intrathecal injection. Use of
intrathecal AS-ODN to attenuate the expression of proteins, 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., 2015,2016a, 2017a; Ferrari et al., 2016;
Oliveira-Fusaro et al., 2017).

Intrathecal administration of saporins

IB4-saporin. 1B4-saporin, an IB4 ¥ nociceptor neurotoxin (Advanced
Targeting Systems), was diluted in saline and a dose of 3.2 g in a volume
of 20 wul administered intrathecally 14 d before experiments. The dose
and timing of IB4-saporin administration was 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, 2010a; Araldi et al.,
2015, 2016a, 2017b).

SSP-saporin. [Sar®, Met(O,) '']-substance P-saporin, a SP " nocicep-
tor neurotoxin (SSP-Saporin, Advanced Targeting Systems) was diluted
in saline and a dose of 100 ng in a volume of 20 ul was administered
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 protocols were based on the studies
of Wiley et al. (2007) and Choi et al. (2012), who observed no loss of
intrinsic lumbar dorsal horn neurons expressing the neurokinin 1 (NK1)
receptor in deeper laminae and prominent loss of NK1 receptor in lam-
inae I, and functional studies by us and 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., 2016b, 2017b).

To administer the saporins, rats were briefly anesthetized with 2.5%
isoflurane (Phoenix Pharmaceuticals) in 97.5% O,. A 29-gauge hypoder-
mic needle was then inserted, on the midline, between the L4 and L5
vertebrae, into the subarachnoid space. The control treatment consisted
of intrathecal injection of the same volume of vehicle (saline). Rats re-
gained consciousness ~2 min after stopping anesthesia. IB4-saporin or
SSP-saporin had no effect on the mechanical nociceptive threshold per se
(D.A. unpublished data). The groups that were treated intrathecally with
the combination of saporins received IB4-saporin (3.2 ugin 10 ul) in the
morning and SSP-saporin (100 ng in 10 ul) in the afternoon.

SDS-PAGE and Western blotting

To determine the efficacy of TLR4 antisense treatment, its expression in
rat lumbar DRG was quantitated. Rats were killed by exsanguination
while under isoflurane anesthesia 24 h after the last injection of ODN
antisense (or mismatch) against TLR4 mRNA. L4 and L5 DRGs were
surgically excised and stored at —80°C. DRGs were transferred into ho-
mogenization buffer (100 mm NaCl, 1 mm EDTA, 2% SDS, 50 mm Tris-
HCI, pH 7.4) supplemented with a protease inhibitor mixture (Roche
Diagnostics) and manually homogenized with a hand-held plastic pestle.
Proteins were solubilized by incubating the homogenates for 2 h at 37°C
and 1400 rpm in an Eppendorf Thermomixer and extracted from insol-
uble cell and tissue components by a 15 min centrifugation at 14,000 rpm
in a tabletop centrifuge. Protein concentration of all samples was deter-
mined using the micro BCA Protein Assay Kit (Pierce Biotechnology)
with BSA as the standard. Mixtures of 40 ug of protein per sample were
denatured by boiling in sample buffer [3% SDS, 10% (v/v) Glycerol, 5%
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(v/v) B-mercaptoethanol, 0.025 bromphenol blue, 62.5 mm Tris-HCI,
pH 6.8] for 10 min and electrophoresed on 4—15% precast polyacryl-
amide gels (Bio-Rad) in 25 mm Tris containing 192 mu glycine and 0.1%
SDS. Proteins were electrophoretically transferred to a nitrocellulose
membrane using the semidry method [transfer time 2 h at 60 mA/gel
with 47.9 mm Tris, 38.9 mum Glycine, 0.038% SDS and 20% (v/v) metha-
nol]. The nitrocellulose membranes were saturated by shaking in anti-
body dilution buffer [5% BSA in Tris-buffered saline containing 0.1%
Tween 20, pH 7.4 TBST)] for 1 h at room temperature, cut in halfat ~75
kDa, and probed with either a mouse monoclonal anti-TLR4 (NB100—
56566, 1:500, Novus Biologicals) or a rabbit polyclonal anti B-actin
(ab8227, 1:1000, Abcam) antibody in antibody dilution buffer at 4°C
overnight. Blots were then rinsed with TBST three times at room tem-
perature (RT) 15 min each and probed with either an HRP-conjugated
anti-mouse antibody (Pierce Biotechnology, 1:2500 in antibody dilution
buffer) or an HRP-conjugated anti-rabbit antibody (GE Healthcare Life
Sciences, 1:2500 in antibody dilution buffer) for 2 h at RT. The blotting
membranes were rinsed with TBST (3 times at RT, 15 min each) and
immunoreactivities visualized using the West Femto chemiluminescence
detection system (Pierce Biotechnology). Results were analyzed using
computer-assisted densitometry with levels of TLR4 immunoreactivity
normalized with respect to the B-actin control levels in the same sample.
The percentage decrease in TLR4 expression was calculated as follows:
[normalized density for AS/normalized density for MM X 100] — 100
(Summer et al., 2008; Alvarez et al., 2017).

Data analysis

All data are presented as mean * SEM of n independent observations.
Statistical comparisons were made using GraphPad Prism 7.0 statistical
software. p < 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
thresholds was observed between before the systemic administration of
morphine, and immediately before injection of PGE, (average mechan-
ical nociceptive threshold before priming stimuli (morphine): 140.8 *+
1.311 g; average mechanical nociceptive threshold before PGE, injection:
139.3 = 1.301 g; n = 96 rats; paired Student’s t test, tos) = 1.143,p =
0.2555). 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 or analgesia
induced by morphine in the different groups, or to compare the effect
produced by different treatments on the prolongation of the PGE,-
induced hyperalgesia (evaluated 4 h after injection) with the control
groups.

Western blotting results are presented as arbitrary units (a.u.) normal-
ized to the reference protein, B-actin. A total of 12 rats were used in
Figure 1A. Differences between groups treated with AS- and MM-ODN
for TLR4 mRNA were analyzed using unpaired Student’s 7 test.

Results

TLR4 dependence of systemic LDM-induced hyperalgesia

and priming

We have previously demonstrated that systemically administered
LDM (0.03 mg/kg, s.c.) produces a decrease in mechanical noci-
ceptive threshold (OIH) and, when subsequently injected intra-
dermally, markedly prolonged PGE, hyperalgesia (priming)
(Ferrari et al., 2019). We also demonstrated that MOR AS-ODN
produced a small, albeit significant, attenuation of LDM (0.03
mg/kg)-induced hyperalgesia and had no effect on LDM-induced
priming (Ferrari etal., 2019). To evaluate whether action at TLR4
mediates the hyperalgesia and priming induced by LDM, we first
evaluated whether intrathecal treatment with TLR4 AS-ODN at-
tenuated the expression of TLR4 in DRGs. Evidence for
antisense-induced reduction of TLR4 expression in DRGs can
be seen in Western blots (pooled L4 and L5 DRG) from ODN-
treated rats (Fig. 1A), in which we observed a 22.07 * 3.42%
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Figure 1.  TLR4 dependence of OIH and priming induced by systemic LDM. A. Western blot analysis of DRG extracts from rats
injected with 120 g of antisense ODN/d for 3 consecutive days revealed a significant decrease in anti-TLR4 immunoreactivity
when compared with the extracts derived from mismatch treated rats (—22.07 == 3.42%, unpaired Student’s t test, *p < 0.05,
n = 6). The calculated molecular weight of TLR4 is 96 kDa (according to UniProtkB database entry Q9QX05). The observed
difference between the calculated and apparent molecular weight can be accounted for by the glycosylation of TLR4. B-actin,
which was used as a loading control, has a calculated molecular weight of ~42 kDa (UniProtKB database entry P60771). Groups of
rats were treated intrathecally with an AS-ODN (120 g in 20 wul/d, gray circles and bars; B,C) or MM-0DN (120 g in 20 wl/d;
black circles and bars; B,C) against TLR4 mRNA once a day for 3 consecutive days. B, On the fourth day, ~17 h after the last
intrathecal administration of ODNs, when the mechanical nociceptive threshold was not significantly different from pre-ODN
baselines (¢, = 0.8305; p = 0.4441, for the TLR4 MM-ODN-treated group and, tisy=1.275;p = 0.2582, for the TLR4 AS-ODN-
treated group, when the mechanical nociceptive threshold is compared before and ~17 h after the third intrathecal injection of
ODNs; paired Student’s  test), systemic LDM (0.03 mg/kg) was injected subcutaneously and the mechanical nociceptive threshold
was evaluated 15, 30, 45, and 60 min after its injection. In the TLR4 AS-ODN-treated group, systemic LDM administration did not
induce hyperalgesia measured at 30,45, and 60 min after administration, asis observed in the TLR4 MM-ODN-treated group (F ; 1
= 236.45, ****p < 0.0001; when the hyperalgesia in the TLR4 MM-ODN-treated group is compared with TLR4 AS-ODN-treated
group at 30, 45 and 60 min after systemic LDM; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). At the
end of the fourth day, rats again received TLR4 AS- or MM-ODN. C, On the fifth day, ~24 h after administration of systemic LDM,
when the mechanical nociceptive threshold was not significantly different from the premorphine (mph) baselines (t,s, = 0.6143;
p = 0.5659, for the TLR4 MM-ODN-treated group and, 5) = 1.234; p = 0.2722, for the TLR4 AS-ODN-treated group, when the
mechanical nociceptive threshold is compared before and 24 h after systemic LDM; paired Student’s ¢ test), PGE, (100 ngin 5 wl)
was injected intradermally and the mechanical nociceptive threshold was evaluated 30 min and 4 h later. In the group treated with
TLR4 AS-ODN, which received systemic LDM, the prolongation of PGE,-induced hyperalgesia was inhibited (£, ;o) = 93.78,
¥¥¥%1) < 0.0001; when the hyperalgesia in the TLR4 AS-ODN- and the MM-ODN-treated groups is compared at the fourth hour
after intradermal PGE,; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). These findings indicate that
both OIH and priming induced by systemic LDM are TLR4 dependent. (n = 6 paws per group).
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2019), as well as by other investigators (Lai et
al., 2002, 2004) using intrathecal ODNGs.

To determine whether TLR4, plays a
role in the hyperalgesia and priming in-
duced by systemic LDM (0.03 mg/kg), rats
received intrathecal AS-ODN or MM-
ODN to TLR4 mRNA daily for 3 d. On the
fourth day, LDM (0.03 mg/kg) was in-
jected systemically and mechanical noci-
ceptive threshold measured 15, 30, 45,
and 60 min later. In the group treated with
TLR4 AS-ODN, LDM was not able to in-
duce hyperalgesia compared with the
TLR4 MM-ODN-treated group (Fig. 1B;
F(1,10) = 236.45, p < 0.0001, when the hy-
peralgesia in the TLR4 AS-ODN- and
MM-ODN-treated groups is compared
after systemic LDM; two-way repeated-
measures ANOVA). At the end of the
fourth day, rats again received TLR4 AS-
or MM-ODN. Twenty-four hours after
systemic LDM, PGE, was injected intra-
dermally and the mechanical nocicep-
tive threshold was evaluated 30 min and
4 h later. Treatment with TLR4 AS-
ODN completely prevented the prolonga-
tion of PGE, hyperalgesia induced by
LDM (Fig. 1C; F; 1) = 93.78, p < 0.0001,
when the hyperalgesia in the TLR4 AS-
ODN- and MM-ODN-treated groups is
compared at the fourth hour after PGE,;
two-way repeated-measures ANOVA).
Thus, hyperalgesia and hyperalgesic
priming induced by systemic LDM (0.03
mg/kg) are strongly TLR4 dependent.

Role of TLR4 in analgesia and priming
induced by HDM

We next determined whether analgesia and
priming induced by systemic HDM (3 mg/
kg) (Ferrari et al., 2019) are also TLR4 de-
pendent. Groups of rats were treated with
AS- or MM-ODN for TLR4 mRNA daily for
3 consecutive days. Approximately 17 h af-
ter the last ODN injection, on the fourth
day, morphine (3 mg/kg) was injected sys-
temically and the mechanical nociceptive
threshold evaluated 15, 30, 45, and 60 min
later. Analgesia induced by systemic mor-
phine (3 mg/kg) was not different between
the groups treated with TLR4 AS- and MM-
ODN (Fig. 24; F,, ;o) = 0.137, p = 0.7184,
when the analgesia in the TLR4 AS-ODN-

(in arbitrary units normalized to the reference protein) de-
crease in expression of TLR4 relative to the reference protein,
B-actin (TLR4 in the antisense group was significantly less
than in the mismatch group (t,, = 2.107; p = 0.03, unpaired
Student’s ¢ test). The magnitude of the decrease in protein
observed, which is an underestimate of change in sensory neu-
rons because other cells in the DRG that express TLR4 would not
be exposed to TLR4 AS-ODN, is similar to that observed by us for
other proteins in DRG neurons after intrathecal AS-ODN (Alessandri-
Haber et al., 2003; Parada et al., 2003a; Dina et al., 2004; Ferrari et al.,

and MM-ODN-treated groups is compared after systemic HDM;
two-way repeated-measures ANOVA). Rats again received TLR4
AS- or MM-ODN intrathecally at the end of the fourth day. Twenty-
four hours after HDM, PGE, was injected intradermally and the
mechanical nociceptive threshold was evaluated 30 min and 4 h
later. The prolongation of PGE,-induced hyperalgesia was present,
without attenuation, in the group of rats treated with TLR4 AS-
ODN (Fig. 2B; F(; 1) = 0.133, p = 0.7231, when the hyperalgesia in
the TLR4 AS-ODN- and MM-ODN-treated groups is compared at
the fourth hour after PGE,; two-way repeated-measures ANOVA),
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Figure 2.  TLR4 independence for systemic HDM-induced analgesia and priming. Rats received
intrathecalinjections of AS-ODN (120 reqin 20 wul/d; white circles and bars) or MM-ODN (120 gin 20
l/d; black circles and bars) against TLR4 mRNA daily for 3 consecutive days. 4, On the fourth day,
~17 h after the last ODN injection, systemic HDM (3 mg/kg) was injected subcutaneously and me-
chanical nociceptive threshold measured 15, 30, 45, and 60 min after its injection. Systemic HDM
induced analgesia in both TLR4 AS- and MM-ODN-treated groups at all time points evaluated (F; ;q
= 0.137,p = 0.7184, when the analgesia in the TLR4 AS-ODN- and the MM-ODN-treated groups is
compared at 15, 30, 45, and 60 min after systemic HDM; two-way repeated-measures ANOVA fol-
lowed by Bonferroni post hoctest). At the end of the fourth day, rats received another dose of TLR4 AS-
or MM-ODN. B, Approximately 24 h after systemic HDM, when the mechanical nociceptive threshold
was not significantly different from premorphine baseline (ts) = 0.1334; p = 0.8991, for the MM-
ODN-treated group, and ts) = 0.2548; p = 0.8090, for the AS-ODN-treated group, when the me-
chanical nociceptive threshold is compared before and 24 h after systemic HDM; paired Student's t
test), PGE, (100 ng in 5 wul) was injected intradermally and the mechanical nociceptive threshold at
the injection site was evaluated 30 min and 4 h after its injection. In both the TLR4 AS- and MM-ODN-
treated groups, the prolongation of PGE,-induced hyperalgesia was present (ns, £ 1o = 0.133,p =
0.7231, when the hyperalgesia in the TLR4 AS-ODN- and the MM-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 analgesia and priming induced by systemic HDM are both TLR4 inde-
pendent. (n = 6 paws per group).

indicating that the analgesia and priming induced by HDM (3 mg/
kg) are TLR4 independent. Thus, LDM and HDM act at different
receptors to induce priming.

Role of PKCe in hyperalgesia and priming induced by
systemic LDM

We have previously shown that the priming induced by systemic
LDM (0.03 mg/kg) is type I because it is reversed by the protein
translation inhibitor cordycepin administered at the nociceptor’s

Araldi et al. ® Role of TLR4 in Opioid Hyperalgesia and Priming

central or peripheral terminals (Ferrari etal., 2013, 2019). Therefore,
we evaluated whether a second messenger involved in the induction
of type I priming, PKCe (Aley et al., 2000; Parada et al., 2003a) is
involved in LDM (0.03 mg/kg)-induced hyperalgesia and priming.
Rats were treated with AS- or MM-ODN for PKCe mRNA daily for
3 consecutive days. On the fourth day, ~17 h after the last ODN
injection, LDM (0.03 mg/kg) was administered systemically and me-
chanical nociceptive threshold evaluated 15, 30, 45, and 60 min later.
The hyperalgesia induced by systemic LDM (0.03 mg/kg) was not
observed in the PKCe AS-ODN-treated rats (Fig. 3A; F; |, = 217.5,
p <0.0001, when the hyperalgesia in the PKCe AS-ODN- and MM-
ODN-treated groups is compared after systemic LDM; two-way
repeated-measures ANOVA). Rats again received AS- or MM-ODN
intrathecally at the end of the fourth day. Twenty-four hours after
systemic LDM, PGE, was injected intradermally and the mechanical
nociceptive threshold was evaluated 30 min and 4 h later to assess for
the presence of priming. Treatment with PKCe AS-ODN also mark-
edly inhibited the prolongation of PGE, hyperalgesia in LDM-
treated rats (Fig. 3B; F(, = 151.2, p << 0.0001, when the
hyperalgesia in the PKCe AS-ODN- and MM-ODN-treated groups
is compared at the fourth hour after PGE,; two-way repeated-
measures ANOVA). These findings support the suggestion that hy-
peralgesia and priming induced by systemic LDM (0.03 mg/kg)
share a dependence on PKCe.

Role of PKCe in analgesia and priming induced by

systemic HDM

We next investigated whether the analgesia and priming induced
by systemic HDM (3 mg/kg) (Ferrari et al., 2019) are also PKCe
dependent. Groups of rats were treated with AS- or MM-ODN
for PKCe daily for 3 consecutive days. Approximately 17 h after
the last ODN injection, on the fourth day, HDM (3 mg/kg) was
injected systemically and the mechanical nociceptive threshold
evaluated 15, 30, 45, and 60 min later. The analgesia induced by
systemic HDM (3 mg/kg) was not different between the groups
treated with AS- and MM-ODN for PKCe mRNA (Fig. 4A; F(, ),
= 0.2507, p = 0.6274, when the analgesia in the PKCe AS-ODN-
and MM-ODN-treated groups is compared after systemic HDM;
two-way repeated-measures ANOVA). Rats again received PKCe
AS- or MM-ODN intrathecally at the end of the fourth day.
Twenty-four hours after systemic HDM, PGE, was injected in-
tradermally and the mechanical nociceptive threshold was eval-
uated 30 min and 4 h later. The prolongation of PGE,-induced
hyperalgesia was present in groups treated with either AS- or
MM-ODN for PKCe mRNA (Fig. 4B; F; ;) = 1.043, p = 0.3311,
when the hyperalgesia in the PKCe AS-ODN- and MM-ODN-
treated groups is compared at the fourth hour after PGE,; two-
way repeated-measures ANOVA), indicating that neither the
analgesia nor the priming induced by systemic HDM (3 mg/kg)is
PKCe dependent. These findings support the suggestion that
LDM and HDM act via different signaling pathways downstream
of TLR4 and MOR, respectively, to induce priming, with induc-
tion by LDM but not HDM being PKCe dependent. Whereas
priming induced by HDM is PKCe independent, it is type I prim-
ing (Ferrari et al., 2019).

Involvement of IB4 " and peptidergic nociceptors in
hyperalgesia but not priming induced by systemic LDM

Type I priming, induced by local intradermal administration of
inflammatory mediators, occurs in IB4 ™ nociceptors (Joseph
and Levine, 2010a), whereas type II priming, induced by repeated
local intradermal exposure to DAMGO (a potent MOR selective
opioid agonist) occurs in peptidergic nociceptors (Araldi et al.,
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Figure3. PKCe dependence of hyperalgesia and priming induced by systemically adminis-
tered LDM. Rats received intrathecal injections of AS-ODN (120 req in 20 wl/d; gray circles and
bars) or MM-0DN (120 pg in 20 wl/d; black circles and bars) against PKCe mRNA daily for 3
consecutive days. 4, On the fourth day, ~17 h after the last ODN injection, when the mechanical
nociceptive threshold was not significantly different from the pre-ODN baseline (.5, = 1.904;
p = 0.1152, for the MM-ODN-treated group, and t5) = 0.7324; p = 0.4968, for the AS-ODN-
treated group, when the mechanical nociceptive threshold is compared before and after sys-
temic LDM; paired Student’s ¢ test), LDM (0.03 mg/kg) was injected subcutaneously and the
mechanical nociceptive threshold was evaluated 15, 30, 45, and 60 min after its injection.
Systemic LDM did not induce hyperalgesia at 30, 45 and 60 min after administration in the
group treated with AS-ODN for PKCe (F; ;) = 217.5,****p << 0.0001, when the hyperalgesia
in the PKCe AS-ODN- and the MM-ODN-treated groups is compared 30, 45 and 60 min after
systemic LDM; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). At
the end of the fourth day, rats again received PKCe AS- or MM-ODN. B, On the fifth day, ~24 h
after systemic LDM, when the mechanical nociceptive threshold was not significantly different
from premorphine (mph) baseline (¢ ;) = 0.8811; p = 0.4186, for the MM-ODN-treated group,
and t5) = 0.5649; p = 0.5965, for the AS-ODN-treated group, when the mechanical nocicep-
tive threshold is compared before and 24 h after systemic LDM; paired Student’s ¢ test), PGE,
(100ngin5 wl) wasinjected intradermally and the mechanical nociceptive threshold evaluated
30 minand 4 h later. PGE, did not induce prolonged hyperalgesia in the AS-ODN-treated group
(Fi,10) = 151.2,***p << 0.0001, when the hyperalgesia in the PKCe AS-ODN- and the MM-
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 both systemic
LDM-induced hyperalgesia and priming are PKCe dependent. (n = 6 paws per group).

2018a). To determine whether hyperalgesia and priming, in-
duced by systemic LDM (0.03 mg/kg) are dependent on IB4 ™"
and/or peptidergic nociceptors, we intrathecally injected IB4-
saporin, which destroys IB4 ™ nociceptors; SSP-saporin, which
destroys peptidergic nociceptors; or their combination (IB4-
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Figure 4.  PKCe independence of analgesia and priming induced by systemic HDM. Rats
received intrathecal injections of AS-ODN (120 g in 20 wl/d; white circles and bars) or MM-
ODN (120 pgin 20 pul/d; black circles and bars) against PKCe mRNA daily for 3 consecutive days.
A, On the fourth day, ~17 h after the last ODN injection, systemic HDM (3 mg/kg) was injected
subcutaneously and the mechanical nociceptive threshold was evaluated 15, 30, 45, and 60 min
after its injection. In both the PKCe AS- and MM-ODN-treated groups, systemic HDM induced
analgesia at all time points evaluated (F; ;,) = 0.2507, p = 0.6274, when the analgesia in the
AS-ODN- and the MM-ODN-treated groups is compared at 15, 30, 45, and 60 min after systemic
HDM; two-way repeated-measures ANOVA followed by Bonferroni post hoc test). At the end of
the fourth day, rats received another dose of PKCe, AS- or MM-ODN. B, Approximately 24 h after
systemic HDM, when the mechanical nociceptive threshold was not significantly different from
the premorphine baseline (.5, = 0.1395; p = 0.8945, for the MM-ODN-treated group, and {5
= 1.536; p = 0.1852, for the AS-ODN-treated group, when the mechanical nociceptive thresh-
old is compared before and after systemic HDM; paired Student’s t test), PGE, (100 ngin 5 ul)
was injected intradermally and the mechanical nociceptive threshold was evaluated 30 min and
4 h after injection. The prolongation of PGE,-induced hyperalgesia was present in both the
PKCe AS- and MM-ODN-treated groups (ns = not significant, F; o) = 1.043, p = 03311,
when the hyperalgesia in the AS-ODN- and the MM-ODN-treated groups is compared at the
fourth hour after intradermal PGE,; two-way repeated-measures ANOVA followed by Bonfer-
roni post hoctest). These findings support the suggestion that analgesia and priming induced by
systemic HDM are both PKCe independent. (n = 6 paws per group).

saporin and SSP-saporin). Fourteen days later, we injected LDM
(0.03 mg/kg) systemically and evaluated the mechanical nocice-
ptive threshold 15, 30, 45, and 60 min later. Systemic LDM was
not able to produce hyperalgesia in rats pretreated with IB4-
saporin, SSP-saporin, or their combination (Fig. 5A; F(5,,, =
135.3, p < 0.0001, when the hyperalgesia in the vehicle- and
saporins-treated groups is compared after systemic LDM; two-
way repeated-measures ANOVA). Twenty-four hours later,
PGE, was injected intradermally and the mechanical nociceptive
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Figure5. RoleofIB4 ™ and peptidergic nociceptors in hyperalgesia and priming induced by
LDM. Rats received an intrathecal injection of vehicle (20 wl; black squares and bars), IB4-
saporin (3.2 g in 20 wl; gray circles and bars), SSP-saporin (100 ng in 20 wl; white circles and
bars), or the combination of IB4-saporin (3.2 g in 10 wl) and SSP-saporin (100 ng in 10 wl;
black circles and dotted bars). A, Fourteen days later, a time at which the mechanical nociceptive
threshold was not different from the pre-vehicle and pre-saporin administration baseline (zs,
= 0.107; p = 0.9190, for the vehicle-treated group, £, = 0.667; p = 0.5343, for the IB4-
saporin-treated group, £, = 1.150; p = 0.1842, for the SSP-saporin-treated group, and t5) =
0.128; p = 0.9031, for the combination of saporins-treated group, when the mechanical noci-
ceptive threshold is compared before and 14 d after intrathecal treatments; paired Student's ¢
test), LDM (0.03 mg/kg) was injected subcutaneously and the mechanical nociceptive threshold
was evaluated 15, 30, 45, and 60 min after LDM injection. Systemic LDM-induced hyperalgesia
was blocked at 30, 45, and 60 min after systemic LDM in all three groups: those previously
treated with IB4-saporin, those previously treated with SSP-saporin, and those previously
treated with their combination (F; g, = 135.3, ****p <0.0001; when the hyperalgesiain the
vehicle- and the saporin-treated groups is compared at 30, 45, and 60 min after systemic LDM;
two-way repeated-measures ANOVA followed by Bonferroni post hoc test). B, Twenty-four
hours later, at which time the mechanical nociceptive threshold was not different from the
premorphine baseline (ts) = 1.772; p = 0.1366, for the vehicle-treated group, t5) = 0.5462;
p = 0.6084, for the IB4-saporin-treated group, t5) = 1.169; p = 0.1322, for the SSP-saporin-
treated group, and t5) = 1.746; p = 0.1412, for the combination of saporin-treated group,
when the mechanical nociceptive threshold is compared before and after systemic LDM; paired
Student’s  test), PGE, (100 ng in 5 wl) was injected intradermally and the mechanical nocice-
ptive threshold was evaluated 30 min and 4 h later. The prolongation of PGE, hyperalgesia was
present in all groups treated with vehicle, IB4-saporin, SSP-saporin, and the combination of
saporins (ns = not significant, 5 ,,) = 1.46, p = 0.2562; when the hyperalgesia in the
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threshold was evaluated 30 min and 4 h later. Prolongation of
PGE,-induced hyperalgesia was present, unattenuated, in all
three saporin-treated groups (Fig. 5B; F(3 50, = 1.46, p = 0.2562,
when the hyperalgesia in the vehicle- and saporins-treated groups
is compared at the fourth hour after PGE,; two-way repeated-
measures ANOVA). Thus, our findings support the suggestion
that hyperalgesia induced by systemic LDM is dependent on an
overlapping population of nociceptors that are both IB4 * and
peptidergic, the weakly IB4 * nociceptors, whereas its priming is
dependent on a different class of nociceptors. We do not exclude,
however, a contribution of IB4* or peptidergic nociceptors to
priming.

Involvement of IB4* and IB4 ~ nociceptors in priming
induced by systemic HDM

In rats treated 14 d prior with intrathecal IB4-saporin, SSP-
saporin, or their combination, analgesia induced by systemic
HDM (3 mg/kg) was not attenuated (Fig. 6A; F5 55y = 1.529,p =
0.2377, when the analgesia in the vehicle-, IB4-saporin-, SSP-
saporin-, and IB4- and SSP-saporin-treated groups is compared
at 15, 30, 45, and 60 min after systemic HDM; two-way repeated-
measures ANOVA), compatible with the suggestion that analge-
sia induced by systemic HDM is mediated by action at MORs in
the CNS (Lipp, 1991; Jensen, 1997; Aicher et al., 2000; Abbadie et
al., 2001; Corder et al., 2017). Twenty-four hours later, PGE, was
injected intradermally and the mechanical nociceptive threshold
evaluated 30 min and 4 h later. The prolongation (4 h) but not the
acute (30 min) phase of PGE,-induced hyperalgesia was mark-
edly attenuated in the group previously treated with SSP-saporin,
but also partially inhibited in the group treated with IB4-saporin
without additional inhibition by the combination of saporins
(Fig. 6B; F(3 50, = 27.32, p < 0.0001; when the hyperalgesia in the
vehicle- and in the three saporin-treated groups is compared
at the fourth hour after PGE,; two-way repeated-measures
ANOVA). These findings support the suggestion that priming
induced by HDM, which is type I (Ferrari et al., 2019), is medi-
ated by a population of nociceptors different, atleast in part, from
those mediating priming induced by systemic LDM, whereas
HDM-induced analgesia is most likely mediated by an action of
HDM on neurons in the CNS (Aicher et al., 2000; Abbadie et al.,
2001).

Discussion

Opioid analgesics such as morphine and fentanyl, widely used for
the treatment of moderate-to-severe pain, act at MORs (Matthes
etal., 1996; Sora et al., 1997) distributed throughout the PNS and
CNS, including in nociceptors and neurons in the dorsal horn of
the spinal cord and discrete brain regions (Mansour et al., 1986;
Pathan and Williams, 2012). Recent literature has provided evi-
dence for arole of the primary afferent nociceptor in an especially
problematic opioid side effect, OIH (Corder et al., 2017) and we
have recently shown that opioid analgesics are also able to induce
hyperalgesic priming, a neuroplastic change in nociceptors char-
acterized by a prolongation of the mechanical hyperalgesia in-
duced by inflammatory mediators, prototypically PGE, (Araldi
et al., 2015, 2017a, 2018a,b; Ferrari et al., 2019). In the present
study, we evaluated the relationship between OIH and priming,

<«

vehicle- and saporins-treated groups is compared at the fourth hour after intradermal PGE, ;
two-way repeated-measures ANOVA followed by Bonferroni post hoctest). These findings dem-
onstrate that systemic LDM acts in both classes of nociceptors to induce hyperalgesia, but not
priming, in the peripheral terminal of the nociceptor. (n = 6 paws/6 rats per group).
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Figure 6. Role of IB4 " and peptidergic nociceptors in analgesia and priming induced by
systemic HDM. Rats received intrathecal vehicle (20 wl; black squares and bars), IB4-saporin
(3.2 g in 20 pl; gray circles and bars), SSP-saporin (100 ng in 20 wul; white circles and bars), or
the combination of IB4-saporin (3.2 g in 10 wul) and SSP-saporin (100 ngin 10 wl; black circles
and dotted bars). 4, Fourteen days later, HDM (3 mg/kg) was injected subcutaneously and the
mechanical nociceptive threshold was evaluated 15, 30, 45, and 60 min after HDM injection.
HDM-induced analgesia was observed in all four treated-groups, without any attenuation, at
any time point (F 3 5oy = 1.529, p = 0.2377; when the analgesia in the vehicle-, IB4-saporin-,
SSP-saporin-, and combination of saporin-treated groups is compared at 15, 30, 45, and 60 min
after systemic HDM; two-way repeated-measures ANOVA followed by Bonferroni post hoc test).
B, Twenty-four hours after systemic HDM, a time at which the mechanical nociceptive threshold
was not different from the premorphine baseline (5, = 0.5423; p = 0.6109, for the vehicle-
treated group, 5, = 1.557;p = 0.1801, for the IB4-saporin-treated group, ts) = 0.7324;p =
0.4968, for the SSP-saporin-treated group, and 5, = 1.536; p = 0.1852, for the combination
of saporin-treated group, when the mechanical nociceptive threshold is compared before and
after systemic HDM; paired Student’s ¢ test), PGE, (100 ng in 5 wl) was injected intradermally
and the mechanical nociceptive threshold was evaluated 30 min and 4 h later. In the group
treated with IB4-saporin, PGE, hyperalgesia was partially attenuated at the fourth hour (F 5 5,
= 27.32, ***p = 0.0001), whereas in the group previously treated with SSP-saporin, the
prolongation of PGE, hyperalgesia was markedly attenuated (F ; o, = 27.32,****p < 0.0001;
when the hyperalgesia in the vehicle- and in the three saporin-treated groups is compared at
the fourth hour after intradermal PGE,; two-way repeated-measures ANOVA followed by Bon-
ferroni post hoc test), indicating that systemic HDM mainly requires peptidergic nociceptors to
develop priming, but not analgesia, in the peripheral terminal of the nociceptor. Because add-
ing IB4-saporin to SSP-saporin did not produce a further decrease, the small contribution of
IB4-saporin s likely due to the overlapping population of weakly peptidergic IB4 * nociceptors
(n = 6 paws/6 rats per group).
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induced by systemic administration of a clinical opioid analgesic,
morphine, evaluating the receptors mediating these opioid ef-
fects, the underlying nociceptor second messenger mechanisms,
and the population of nociceptors that mediate each opioid
effect.

Because opioids are agonists at TLR4 (an innate immunity
pattern receptor) (Hutchinson et al., 2010a,b; 2011; Wang et al.,
2012; Jacobsen et al., 2014) as well as MOR, and both receptors
are present on nociceptors (Barajon et al., 2009; Corder et al.,
2017), we examined the role of nociceptor TLR4 in the pronoci-
ceptive effects of systemic LDM. Attenuation of DRG TLR4 with
intrathecal AS-ODN all but eliminated both OIH and priming
induced by LDM. These findings support nociceptor TLR4 as an
important target for these effects of systemic LDM. The treat-
ment with TLR4 AS-ODN did not, however, affect the analgesia
and priming induced by systemic HDM. These effects differed
markedly from those of LDM in two ways. First, systemic HDM
induced analgesia rather than hyperalgesia; even administration
of intrathecal MOR AS-ODN did not uncover hyperalgesia in
response to HDM (Ferrari et al., 2019). Second, priming induced
by HDM is MOR dependent (Ferrari et al., 2019) and not TLR4
dependent, indicating that systemic HDM is not an agonist at
nociceptor TLR4.

It has been proposed that morphine can act on MORs ex-
pressed by microglia to initiate OIH (Ferrini et al., 2013). It has
also been suggested that morphine can act on TLR4 present in the
microglia to mediate OIH (Hutchinson et al., 2011). However, a
more recent study using multiple histological approaches and
highly sensitive RNA-seq of acutely purified adult mice spinal
microglia, in contrast to previous findings in vitro and in vivo
(Stiene-Martin et al., 1998; Turchan-Cholewo et al., 2008; Hor-
vath et al., 2010; Ferrini et al., 2013), did not find evidence for
MOR expression in microglia (Corder et al., 2017). Thus,
whereas TLR4 on microglia may trigger their activation by bind-
ing damage-associated molecular patterns released from neurons
or by binding morphine itself, this last point remains controver-
sial (Hutchinson et al., 2010b; Ferrini et al., 2013). Additional
studies suggest that TLR4 is not required for microglial activation
by morphine (Fukagawa et al., 2013) or for opioid tolerance and
hyperalgesia (Mattioli etal., 2014). Thus, whereas our findings do
not exclude an effect of systemic LDM and HDM on microglia,
taken together, a substantial literature supports the suggestion
that systemic LDM is acting on TLR4 present in nociceptors to
induce hyperalgesia and priming.

Although LDM-induced OIH and priming share signaling by
the same second messenger, PKCe, the effects of LDM and HDM
differed with respect to the role of this second messenger in prim-
ing. Further,whereas PKCe, which has been implicated in type I
hyperalgesic priming (Aley et al., 2000; Ferrari et al., 2014), was
necessary for both OIH and priming induced by LDV, it is not
necessary for priming induced by HDM. The protein translation
inhibitor cordycepin, which reverses type I priming (Ferrari et al.,
2013), did reverse priming induced by systemic HDM, as well as
by systemic LDM (Ferrari et al., 2019). Although PKCg, which is
involved in the induction of type I priming (Aley et al., 2000;
Ferrari et al., 2014), including that induced by LDM, did not play
a role in HDM-induced priming, type I priming can be induced
by PKCe-independent mechanisms such as ryanodine- and
fentanyl-induced calcium release from the endoplasmic reticu-
lum (Khomula et al., 2017; Araldi et al., 2018b).

To identify the nociceptor population at which LDM acts to
induce OIH and priming and HDM acts to induce priming, we
treated groups of rats with IB4-saporin, a neurotoxin for B4 ©
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Table 1. Mechanisms mediating hyperalgesia, analgesia, and priming induced by LDM and HDM

LDM HDM

OlH Priming Analgesia Priming
Receptors MOR” and TLR4 TLR4 MOR? MOR?
Second messengers Protein translation” and PKCe Protein translation” and PKCe Protein translation” Protein translation”
Neuronal population IB4” and peptidergic Neither IB4” nor peptidergic Neither IB4” nor peptidergic IB4” and peptidergic

“Ferrarietal., 2019.

nociceptors, SSP-saporin, a neurotoxin for peptidergic nocicep-
tors, or both saporins (Araldi et al., 2017a, 2018b). Although OIH
and priming induced by LDM are both TLR4 mediated and
PKCe dependent, lesioning IB4 © and peptidergic nociceptors
had different effects. For rats treated with either IB4-saporin or
SSP-saporin, LDM no longer produced hyperalgesia (OIH),
which is consistent with systemic LDM-induced hyperalgesia be-
ing mediated by the IB4™ and weakly peptidergic nociceptor
population. In contrast, neither saporin alone or in combination
attenuated LDM-induced priming. The class of nociceptors that
mediates systemic LDM-induced priming remains to be deter-
mined. Although the analgesia induced by HDM was also intact
after administration of IB4-saporin and SSP-saporin alone or in
combination, compatible with an extensive literature that opi-
oids induce analgesia by action at MORs on neurons in the CNS
(Grudt and Williams, 1994; Stein et al., 2003; Pathan and Wil-
liams, 2012), priming induced by HDM was partially attenuated
in the group treated with IB4-saporin, markedly attenuated in the
SSP-saporin-treated group, and not significantly further attenu-
ated in rats treated with the combination of saporins. Because
adding IB4-saporin to SSP-saporin did not produce a further
decrease in priming induced by systemic HDM, the small effect of
IB4-saporin is likely due to the overlapping of weakly IB4 * and
peptidergic class of nociceptors (Fang et al., 2006). Thus, priming
induced by LDM and HDM occurs in different populations of
neurons.

We recently demonstrated that priming produced in the pe-
ripheral nociceptor terminal by intrathecal fentanyl was not pre-
vented by pretreatment with the combination of saporins,
compatible with the presence of a novel class of nociceptors in
which both fentanyl (Araldi et al., 2018b) and LDM act to induce
priming. Approximately 20% of TRPV1 ™ nociceptors are nega-
tive for both IB4 * and peptidergic markers, indicating the exis-
tence of a substantial class of novel C-fiber afferents (Cavanaugh
etal., 2011). We previously proposed that type I priming induced
by direct activation of PKCe is dependent on IB4 * nociceptors
(Joseph and Levine, 2010a) and type II priming induced by intra-
dermal DAMGO is dependent on peptidergic nociceptors (Araldi
et al., 2017a); however, this cannot be applied for priming in-
duced by systemic LDM and HDM. These data indicate complex
effects of systemic LDM and HDM in the terminals of IB4 ™"
and/or peptidergic, and a novel class of nociceptors. Also, studies
have demonstrated that at the level of the peripheral nociceptor
terminal, there is behaviorally relevant specificity and selective
regulation (Abrahamsen et al., 2008; Cavanaugh et al., 2009) with
which our present data are in agreement because hyperalgesia
and priming induced by systemic LDM and HDM are mediated
by different subsets of nociceptors.

The previous and current findings, and proposed mechanisms
involved in systemic LDM- and HDM-induced OIH and analge-
sia, respectively, and priming by both LDM and HDM are sum-
marized in Table 1. Understanding the mechanisms and classes of
nociceptors in which opioids such as fentanyl, morphine, and
DAMGO act to induce hyperalgesia and priming may help to

develop improved opioid analgesics with fewer side effects to
treat chronic pain. For example, the use of low-dose opioids in
combination with nonopioid analgesics to produce opioid-
sparing effects might have unintended consequences and shared
mechanisms for OIH and priming may suggest novel approaches
to the treatment of opioid use disorder by reversing mechanisms
that maintain type I priming (Ferrari et al., 2013, 2019; Araldi et
al., 2018b).
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