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Introduction

Treating chronic pain is difficult and often involves prescribing opioids. However, the long-
term use of opioids, such as morphine, is limited by emergence of opioid-induced
hyperalgesia (OIH), a sensitization process where opioids cause paradoxical development of
painful hypersensitivity, and antinociceptive tolerance, a reduction in antinociceptive
response to opioids over time [2; 12]. These adverse opioid-induced effects contribute to the
loss of antinociceptive effectiveness of opioids that often prompts extended use and
escalated dosages that over time can lead to additional unwanted side effects such as
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dependence, addiction and abuse [2; 12]. Despite the serious side effects hindering long-
term opioid use, there remains a strong reliance on this class of drugs for pain management
[73]. Accordingly, continued investigation of the molecular underpinnings is essential for
identifying opioid-sparing approaches.

We have previously reported that sustained morphine exposure in rodents caused the
dysregulation of sphingolipid metabolism in the dorsal horn of the spinal cord evident by
significantly increased production of the pro-inflammatory, pro-apoptotic ceramide and its
downstream pro-inflammatory, anti-apoptotic bioactive sphingolipid metabolite,
sphingosine-1-phosphate (S1P) [53]. S1P is produced through ceramidase conversion of
ceramide to sphingosine and subsequent phosphorylation by sphingosine kinases 1 or 2 [38;
45]. All cells possess the enzymatic machinery to synthesize and metabolize S1P [43; 56].
Our previous work also revealed that reducing ceramide and S1P formation in the spinal
cord through inhibition of sphingolipid metabolic enzymes or sphingosine kinases blocked
the development of OIH and antinociceptive tolerance [53]. Many of the biological actions
of S1P are mediated by five G protein-coupled receptors (S1IPR1-5) [64] and analyses of
their distribution under normal and disease varies among the cells of the central nervous
system (CNS): astrocytes and microglia (SLPR1, S1PR3 and some S1PR2 and 5), neurons
(S1PR1, S1PR2, S1PR3) and oligodendrocytes (S1PR5 and small amounts of S1PR1) [10;
28; 31; 71; 79]. S1PR4 is largely restricted to immune cells [10; 28]. However, S1P also
exerts its effect through intracellular targets [38; 45]. How S1P exerts its effects in response
to opioids is not known. Filling these gaps is critical in fostering our understanding of
sphingolipid and opioid interactions and research efforts towards the identification of novel
therapeutic approaches. Here, we provide the first evidence that activation of spinal SIPR1
contributes to the development of OIH and antinociceptive tolerance.

Materials and methods

Study approval.

Animal.

All animal studies were performed in accordance with the International Association for the
Study of Pain, the National Institutes of Health guidelines on laboratory animal welfare,
regulations in Italy (DM 116192) and EU (OJ of EC L 358/112/18/1986) and approved by
the Saint Louis University Institutional Animal Care and Use Committee, University of
Arizona Animal Care and Use Committee, the University of Messina Review Board for the
care of animals and the Institutional Animal Care and Use Committee of the University of
Colorado Boulder.

Pathogen-free adult male and female Sprague Dawley rats (200-225g) from Harlan
Laboratories (Nossan, Milan, Italy and Indianapolis IN, USA; Frederik MD, USA breeding
colony) or Fischer 344 (F344) rats (12 weeks old on arrival; Harlan Labs, Indianapolis, IN)
were housed 3—4 per cage. Adult male CD-1 mice (20-30g; Harlan Laboratories) were
housed 4-5 per cage. All animals were kept in a controlled environment (12h light/dark
cycle) with food and water available ad /ibitum. Animals were randomly segregated into
treatment groups for each experiment and the experimenters were blinded to the sex and
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treatment during behavior and biochemical assessments. Animals were excluded when
exhibiting adverse health effects not related to OIH, tolerance or neuropathic pain, such as
piloerection, motor insufficiency, periorbital bleeding, lethargy.

Test compounds.

Morphine sulfate used in most studies was a kind gift from Mallinckrodt Pharmaceuticals
(St. Louis MO, USA) or obtained from the NIDA drug depositary (Bethesda MD, USA) for
withdrawal studies. Fingolimod (FTY720; Gilenya®), W146, W140, JTE-013, CAY 10444,
and SEW2871 were purchased from Cayman Chemical (Ann Arbor, MI). Ponesimod [5]
was synthesized by Shanghai ChemPartner Co (purity of >95%; Shanghai, China). The
Novartis competitive antagonist (S)-2-{[3’- (4-chloro-2,5-
dimethylphenylsulfonylamino)-3,5-dimethylbiphenyl-4-carbonylmethylamino}-4-
dimethylaminobutyric acid methyl ester 14 (NIBR-14; MW= 600.17) and NIBR-15 (purity
of >95%) were prepared as described in the literature [1].

Intrathecal and systemic delivery of test agents.

All agents or their vehicle (1-5% DMSO in saline) were given by intrathecal injection (10
ul) through chronic intrathecal cannulas implanted as previously described [70]. Following
the injection, the catheter was flushed with sterile physiological saline (12 pl). Animals were
singly housed following surgery and allowed to recover for 7 days. Test substances or their
vehicle given by systemic administration were delivered in a 0.2 ml dosing volume. DMSO
(2-5%) was used as a vehicle for intraperitoneal injections and 10% DMSO/5%
methylcellulose was for oral administration.

Silencing spinal S1prl with siRNA.

Commercially available 27mer duplex dicer substrate sSiRNA (DsiRNA) targeting common
splice-forms of S1prl/Edg1l transcript (Accession number: NM_017301; Integrated DNA
Technologies, Coralville, IA; #RNC.RNAI.N017301.12.1; 5’-
rCrCrUrGrUrArCrArArArGrCrArGrArGrurArCrururCrCT G-3°, 5°-
rCrArGrGrArArGrUrArCrUrCrUrGrCrUrUrUrGrUrArCrArGrGrArU-3’) or its non-
targeting control sequence (siNT; Integrated DNA Technologies, Coralville, 1A; #DS NCL1.
5’-rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrUAT-3’, 3’-
rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArArCrGrArC-5) [74] were diluted
in RNase-free water to 0.2 pg/pl. After morphine minipump implantation and acute
nociceptive behavior on DO in rats, the first dose of SZpri-targeting or non-targeting
sequence (10 pl of 0.2 pug/ul) was administered via intrathecal catheters. Administration of
SiRNA sequences was repeated again on D1, D2, and D4 post-minipump implantation.

Development of morphine-induced thermal hyperalgesia and antinociceptive tolerance in
rats.

Rats were lightly anesthetized with 3% isoflurane, maintained on 2% isoflurane in 100% O
and an osmotic minipump (Alzet 2001; Alzet Osmotic Pumps, Cupertino CA, USA) primed
to deliver 1.0 pl/h saline vehicle or morphine at 75 pg/ul/h (~8.2-9 mg/kg/d) over seven days
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was subcutaneously implanted in the interscapular region as described previously [53]. After
implantation the animals were singly-housed for the remainder of the experiment.

Thermal hyperalgesia: The development of thermal hyperalgesia during the seven day
infusion of morphine was measured in rats by the Hargreaves method [29] using a Basile
Plantar Test (Ugo Basile Model 37370; Monvalle VA, Italy) with a cutoff latency of 20 s to
prevent tissue damage, as previously described [53]. A significant (£<0.05) reduction in
paw-withdrawal latency (PWL) over the infusion period time compared to baseline is
characterized as thermal hyperalgesia.

Mechano-allodynia: Mechano-allodynia was assessed by probing the plantar aspect of
the hind paw with calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA; mice:
0.04-2.00 g; rats: 1.4-26 g) according to the “up-and-down” method [19] and a paw
withdrawal threshold (PWT, g) was calculated, as previously described [35].

Antinociceptive tolerance: Rats received acute intraperitoneal injections of morphine (6
mg/kg) during the period of infusion with morphine or saline on days 1, 3 and 6 [53];
nociceptive responses were measured using the tail-flick assay [16] 30 minutes after the
acute injection of morphine (time period was demonstrated previously to be the time of
maximal antinociception at this dose) [53]. The latencies for tail withdrawal from a noxious
radiant heat source (Ugo Basile Model 37360; Monvalle VA, Italy) were measured to
determine the changes in the antinociceptive effect of the acute morphine challenge as
previously described [53]. The cutoff latencies (rats: 10 sec and mice: 15 sec) were set to
prevent tissue injury and the heat intensity was set to elicit a 2—4 sec baseline withdrawal
latency. Tolerance to the morphine antinociceptive effect was indicated by a significant
(P<0.05) reduction in tail-flick latencies 30 min after the acute morphine challenge. Data are
reported as the percentage of maximal possible antinociceptive effect (%MPE) with 100%
being complete morphine antinociception as calculated by the following equation:

%MPE = (response latency — baseline latency)/(cutoff latency (10 or 15 sec) — baseline latency) x 100.

Chronic Constriction Injury Model.

Chronic constriction injury (CCI) to the sciatic nerve of the left hind leg in male mice was
performed under general anaesthesia using the well-characterized Bennett model [3].
Briefly, CD-1 mice rats were anesthetized with 3% isoflurane/O, and maintained on 2%
isoflurane/O, during surgery. A small incision (1-1.5 cm in length) was made in the middle
of the lateral aspect of the left thigh to expose the sciatic nerve, which was loosely ligated
around the entire diameter of the nerve at two distinct sites (spaced 1 mm apart) using silk
sutures (6.0). Mechano-allodynia was assessed by probing the plantar aspect of the hind paw
with calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA; mice: 0.04-2.00 g; rats:
1.4-26 g) according to the “up-and-down” method [19] and a paw withdrawal threshold
(PWT, g) was calculated, as previously described [35]. Beginning on d7 (peak CCl-induced
mechano-allodynia), mice were treated with an intraperitoneal injection of morphine (6
mg/kg, once daily) and mechano-allodynia was measured prior to and following morphine
injection. The data are expressed as a percentage of expected reversal (%Reversal) using the
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following equation: %Reversal = (PWTg1, — PWTgg )/ (PWTggo — PWTggL), where
PWTg1h = paw withdrawal threshold in grams at 1h post morphine; PWTgg, daily baseline
paw withdrawal threshold in grams prior to morphine and PWTgqg = paw withdrawal
threshold in grams at dO before CCI.

Morphine-induced persistent sensitization.

Male F344 rats underwent CCI surgery and beginning on day 10 post CCI [3], animals
received subcutaneous injections of saline or morphine (5 mg/kg/ml, twice daily) and
intraperitoneal injections of S1IPR1 antagonists or their vehicle once a day for five days.
Mechano-allodynia behavior was measured before and 10 days after surgery and followed
for 8 weeks by probing the distal region of the heel in the hind paws within the region of
sciatic innervation with calibrated von Frey filaments (0.40 g-15.14 g). Absolute threshold
(the 50% probability of response) was calculated from behavioral responses by fitting a
Gaussian integral psychometric function using a maximume-likelihood fitting method [30;
72], as described previously [47; 48].

Defining estrous cycle stage.

Given the multi-day nature of the design in freely cycling females, a vaginal smear was
taken after the last behavioral time point and stage of estrous defined by cytology as
described [8]. All animals displayed a normal 4-5 day estrous cycle.

Western blot.

The lower lumbar enlargement of the male rat spinal cords (L4-L6) were harvested, flash
frozen in liquid nitrogen, and stored at —80°C. Samples were homogenized in extraction
buffer [10 mM HEPES, pH 7.9; 10 mM KCI; 0.1 mM EGTA; 0.1 mM EDTA; 1 mM DTT;
0.5 mM PMSF; 15ug/ml trypsin inhibitor; 3 ug/ml pepstatin A, 2 pug/ml leupeptin, 40 pg/ml
benzamidine; 1 mM sodium orthovanadate] and the cytosolic and nuclear fractions were
isolated as previously described [22]. The nuclear pellet was lysed in nuclear extraction
buffer [1% Triton X-100, 150 mM NaCl, 10 mM tris-HCI pH 7.4, 1 mM ethylene glycol
tetraacetic acid (EGTA), 1 mM ethylenediaminetetraacetic acid (EDTA), 0.2 mM PMSF, 20
um leupeptin, 0.2 mM sodium orthovanadate]. Protein concentrations in both cytosolic and
nuclear fractions were measure by bicinchoninic acid assay (Thermo Fisher Scientific,
Carlsbad CA, USA). Fractions were subjected to 10% or 12% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and electrotransfered to nitrocellulose membranes to measure
IxB-a (1:1000; Santa Cruz Biotechnology sc-1643, Santa Cruz CA, USA), p-p38 (1:500;
SantaCruz Biotechnology sc-17852-R, Santa Cruz CA, USA), total p38 (1:500; SantaCruz
Biotechnology sc-81621, Santa Cruz CA, USA), GFAP (1:500; SantaCruz Biotechnology
sc-6170, Santa Cruz CA, USA) and OX-42 (ab1211 Abcam). The membranes were blocked
in 5% (w/v) non-fat milk in PBS and washed with 1X PBS-T. Immunolabeled proteins were
visualized with peroxidase-conjugated bovine anti-mouse immunoglobulin G (I1gG)
secondary antibody or goat anti-rabbit 1gG (1:2000, Jackson ImmunoResearch, West Grove
PA, USA) and enhanced chemiluminescence (ECL) detection system reagent, according to
the manufacturer’s instructions (SuperSignal West Pico Chemiluminescent Substrate,
Thermo Fisher Scientific, Carlsbad CA, USA). Relative protein expression was quantified
by band densitometry with Chemidoc XRS+ Documentation System Bio-Rad software.
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Each membrane was stripped and subsequently probed for B-actin (for cytosolic extract) or
lamin A (for nuclear extract) proteins (1:10000; SantaCruz Biotechnology sc-6215, Santa
Cruz CA, USA) for use as endogenous loading controls. All densitometry data are
normalized to B-actin or lamin A bands.

Adjustments to blot image for publication were limited to linear brightness and contrast or
color inversion using Image J v.1.47 [66] where noted. All blot images were cropped for the
clarity of data presentation

Cytokine ELISA.

The levels of cytokines in spinal cord lysates were assessed using commercially available
ELISA kits (R&D Systems, Minneapolis MN, USA) according to manufacturer’s protocol.

Morphine analysis by quantitative Liquid Chromatography-Mass Spectrometry/Mass
Spectrometry-Multiple Reaction Monitoring (LC-MS/MS-MRM).

Morphine concentrations were determined at Mallinckrodt Pharmaceuticals from 25 pL
plasma using methods previously described (Kole et al., 2011; Zou et al., 2009). LC-MS/MS
analysis was performed on a Waters Acquity UPLC system connected to a Sciex AP1 4000
Q-Trap Mass Spectrometer utilizing the Turbo lon Spray source in positive ion multiple
reaction monitoring mode. Analyst version 1.6 was used to calculate concentrations of
analytes which were reported in ng/ml.

Determining EDsgg values.

The EDsq and the corresponding 95% confidence interval (95% CI) were determined by
curve-fitting the %MPE as described [53] or %Prevention of thermal hyperalgesia using the
least sum of square method by a normalized 3-parameter, non-linear analysis (Hill-slope
=1). %Prevention of thermal hyperalgesia on D6 = (PWLgroup — mean PWLyeh+mor)/
(PWLyeh+sal — mean PWLyeh+Mor) % 100.

Statistics.

Data are expressed as mean=SD (standard deviation) or SEM (standard error of the mean)
for N animals as noted. Data were analyzed by two-tailed, one-way ANOVA with Dunnett’s
comparisons or two-way ANOVA with Bonferroni comparisons as noted. Differences
between non-linear curves for EDs( values were analyzed by Extra sum-of-squares F test.
All data were analyzed using GraphPad Prism (versions 5.00-8.0.1 for Windows, GraphPad
Software, San Diego CA USA, www.graphpad.com). False discovery rate was determined
by Benjamini-Hochberg method using SPSS (IBM; version 24.0.0.0). Significant differences
were defined at P<0.05.

Results

S1PR1 signaling in the spinal cord contributes to the development of OIH and tolerance.

In agreement with our previous study [53], subcutaneous infusion of morphine, but not
saline, in male rats that was delivered by primed osmotic minipumps over seven days led to
a time-dependent reduction in paw withdrawal latency (PWL, seconds) (Fig. 1A) by day
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three that lasted until the end of the study (day six), indicating the development of thermal
hyperalgesia. Reductions in tail flick latencies after a challenge with an acute intraperitoneal
dose of morphine [53] also occurred in morphine-infused rats over the same time frame (Fig.
1B), indicating the development of antinociceptive tolerance. Blocking S1PR1 signaling
with daily intrathecal injections of the selective SIPR1 antagonist W146, but not its inactive
enantiomer W140 [4], blocked OIH and antinociceptive tolerance in a dose-dependent
manner (Figs. 1A,B). W146 had no effect in saline-treated rats (Figs. 1A,B). In contrast to
its effects on OIH and antinociceptive tolerance, W146 did not significantly alter
antinociceptive effects evoked by an acute injection of morphine (F(1,28)=0.06, p=0.81; Fig.
2) in male rats, establishing that blocking S1PR1 does not enhance acute responses to
morphine. The EDg values (the dose that yields 50% effect) of an acute dose of morphine in
naive rats treated with intrathecal W146 was 1.9 mg/kg; 95%CI:1.1-3.2; while those treated
with vehicle was 1.7 mg/kg; 95%Cl:1.1-2.

In contrast to S1IPR1 antagonists, intrathecal administration of the SIPR2 antagonist
JTE-013 [63] and the S1PR3 antagonist CAY 10444 [63] did not block the development of
hyperalgesia, while both had a modest effect on tolerance in male rats (Fig. 3). The doses
used for these antagonists block S1PR subtypes 2 or 3 and higher doses were avoided due to
documented spill-over effects at other S1IPRs [63]. SIPR4 and 5 were not investigated, since
S1PR4 is not expressed in the spinal cord and S1PRS5 is mainly expressed in
oligodendrocytes [64], which are not recognized as key players in opioid-induced adverse
effects.

Our data suggest that S1IPR1 in the spinal cord plays an important role in transducing the
effects of S1P signaling in the development of OIH and antinociceptive tolerance guiding
further investigations that focused on this receptor subtype. This was examined further
through additional pharmacological and genetic approaches. Intrathecal administration of
NIBR-14 significantly blocked OIH and antinociceptive tolerance in male rats (Figs. 4A,B).
NIBR-14 had no effect in saline-treated rats (Figs. 4A,B). NIBR-14 is a methyl ester pro-
drug that is rapidly hydrolyzed /in vivoto the carboxylic acid NIBR-15, which is a potent and
highly selective competitive S1IPR1 antagonist that is structurally distinct from W146 [1].

The pharmacological effects of SIPR1 antagonists were validated further using RNA
silencing of SZpri. We have previously shown a greater than 45% reduction in SIPR1
protein levels in the dorsal horn of the spinal cord with intrathecal injections of our SZpri-
targeting siRNA (small interfering RNA, siSZpri) sequence [69]. Using this sequence, we
found that it recapitulated the pharmacological effects obtained with W146 and NIBR-14 on
OIH and antinociceptive tolerance in male rats (Fig. 5).

To strengthen our findings and increase rigor, we profiled the pharmacological profiles of
several competitive and functional S1PR1 antagonists NIBR-14/NIBR-15, FTY720 and
ponesimod given orally (a preferred clinical regimen). In contrast to the highly selective
S1PR1 antagonists NIBR-14/NIBR-15 [1], FTY720 (once phosphorylated by sphingosine
kinase 2 to the biologically active FTY720-P) and ponesimod are S1PR agonists that act as
functional S1PR1 antagonists by potently and irreversibly reducing S1PR1 levels at the
plasma membrane [6]. These functional antagonists stand in stark contrast to the endogenous
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ligands (e.g., S1P) or the highly selective SIPR1 agonist SEW2871 that allow S1PR1 to
recycle back to the plasma membrane [4]. Oral delivery of NIBR-14 in male rats prevented
OIH and antinociceptive tolerance (Figs. 6A,B). The EDsgg for NIBR-14 was 1.8
umol/kg/day [95% confidence interval (CI) 1-3 umol/kg/day] for hyperalgesia and 1.7
umol/kg/day [95%CI 1-3] for tolerance. Consistent with the NIBR-14, the /in vivo
carboxylic acid form, NIBR15, blocked OIH and tolerance (Figs. 6A,B). These effects were
mimicked by FTY720 (Figs. 6C,D) or ponesimod (Figs. 6E,F). The EDsgq for FTY720 was
0.08 umol/kg/day [95%CI 0.05-1 umol/kg/day] for hyperalgesia and 0.09 umol/kg/day
[95%C]1 0.06-1] for tolerance. FTY720 also blocked OIH and antinociceptive tolerance in
female rats (Figs. 6G,H). NIBR-14, FTY720 and ponesimod had no effects in rats infused
with saline alone (Figs. 6A-F).

In contrast to the effects of observed with intrathecal or systemic administration of
functional or competitive SIPR1 antagonists intrathecal or systemic delivery of the SIPR1
agonist, SEW2871 failed to block OIH and tolerance in male rats (Figs. 4A,B). The maximal
dose of SEW2871 tested was 20 mg/kg. Higher doses of SEW2871 were not tested since 20
mg/kg is a high dose known to cause lymphopenia [9; 20; 65].

S1PR1 antagonists attenuate the development of morphine-induced anti-allodynic
tolerance in a model of neuropathic pain.

We investigated whether S1IPR1 antagonists retain their ability to block morphine-induced
anti-allodynic tolerance in the context of nerve injury. In mice with traumatic nerve injury-
induced neuropathic pain caused by chronic constriction of the sciatic nerve (CCI),
mechano-allodynia peaks by day seven post-surgery [3]. Subcutaneous injection of
morphine on day seven reversed mechano-allodynia by approximately 90% (Fig. 7), but
these effects diminished after four to five days of morphine injections, indicating the
development of anti-allodynic tolerance. NIBR-15 or FTY720 completely blocked the
development of anti-allodynic tolerance (Fig. 7A). At these doses, NIBR-15 or FTY720 do
not attenuate or block CCl-induced neuropathic pain and therefore we did not include these
groups in our studies [9]. LC-MS/MS-MRM revealed the plasma levels of morphine
metabolites (Fig. 7B) in mice treated with morphine and NIBR-15 or FTY720 were not
significantly different from mice treated with morphine and vehicle; suggesting that
beneficial effects of SIPR1 antagonists are not due to alterations in morphine
pharmacokinetics.

S1PR1 antagonists attenuate the development of morphine-induced persistent
neuropathic pain.

In addition to the eventual reduction of antinociceptive efficacy of morphine in managing
neuropathic pain from extended use, there is evidence that opioid usage can adversely affect
the underlying neuropathic pain state [32]. We have reported that the neuropathic pain state
begins to resolve itself three to four weeks after traumatic nerve injury. However, a brief
five-day use of opioids following injury caused persistent sensitization that prolonged the
neuropathic pain state as long as eight weeks [25]. Consistent with these findings, a brief
five-day exposure to morphine significantly extended CCl-induced mechano-allodynia in
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rats (Fig. 8). Yet, when FTY720 was co-administered with morphine, persistent sensitization
was significantly attenuated (Fig. 8). FTY720 alone had no effect (Fig. 8).

S1PR1 antagonists reduce astrocyte and microglia reactivity and neuroinflammation in the
dorsal horn of the spinal cord.

The CNS effects of SIPR1 antagonists in animal models of multiple sclerosis [6; 11] and
pain [9; 22; 26; 35; 69] have been attributed in part to their effects on neuroinflammation.
Glial activation and neuroinflammation in the CNS have emerged as key contributors to the
development of opioid-induced hyperalgesia [61] and antinociceptive tolerance [67]. We
found that expression of markers associated with gliosis and enhanced astrocyte (glial
fibrillary acidic protein, GFAP; astrocytes) and microglia (CD11b/c, clone OX-42;
microglia) reactivity (Figs. 9A,B and 10,B) were increased in the dorsal spinal cord of
morphine-treated rats when compared to animals that received saline infusion over the same
time period. These effects were blocked by intrathecal W146 (Figs. 9A,B) or oral FTY720
(Figs. 10A,B) treatment. Moreover, we found evidence of active neuroinflammatory
processes that have been reported with OIH and tolerance [21; 24; 33; 34; 41; 52; 75; 76]. In
animals treated with morphine, p38 phosphorylation (Figs. 9C and 10C) and nuclear factor
xB (NF«xB) activation [reduced IxBa and increased nuclear NFxB-p65; Figs. 9D and 10D]
increased in the dorsal horn of the spinal cord as did the production of inflammatory, pro-
nociceptive IL-1p and associated cytokines [TNF (tumor necrosis factor) and IL-6
(interleukin-6)] (Fig. 11A). The morphine-induced effects were blocked in rats treated with
intrathecal W146 or oral FTY720 (Figs. 9-11). In contrast, the expression of the potent and
anti-inflammatory and neuroprotective cytokine, IL-10 (interleukin-10) [44] was increased
in the dorsal horn of the spinal cord of rats treated with W146 and FTY720 treatment during
morphine but not saline-infusion (Fig. 11B).

Discussion

There is a desperate need for an opioid adjunct therapy to improve the long-term use of
opioids in chronic pain. Using several diverse functional and competitive SIPR1 antagonists,
we provide evidence that the activation of S1PR1 signaling is germane to the development of
OIH and antinociceptive tolerance.

Our identification of S1IPR1 as a critical receptor subtype in the effects of morphine-induced
S1P is highly exciting as a potential therapeutic target to mitigate opioid-induced adverse
effects. The functional S1PR1 antagonist, FTY720, is already FDA approved for the
treatment of multiple sclerosis [6] and other S1IPR1 functional antagonists, such as
siponimod and ponesimod, are in advanced clinical trials for multiple sclerosis. Selective
S1PR1 antagonists, such as NIBR-15, are also in preclinical development [4]. Once the
involvement of S1P/S1PR1 signaling pathways is validated in the clinical manifestations of
OIH and tolerance, the re-purposing of these S1IPR1 antagonists for mitigating opioid
adverse effects should prove an exciting approach to address this unmet medical need.
Moreover, our results provide support for findings in other models of disease where
functional antagonism of S1PR1 rather than persistent agonism/signaling at S1IPR1 was
identified as the mechanism of action of FTY720 and ponesimod [4; 9; 15; 26; 35; 68; 69].
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Indeed, their pharmacological profiles mimicked those obtained with selective S1IPR1
antagonists, but contrasted those obtained with the S1IPR1 agonist, SEW2871.

We found little evidence to support a role for SIPR2 or S1PR3 in OIH. S1IPR2 and S1PR3
antagonism did have a modest, but significant, effect on morphine-induced antinociceptive
tolerance; suggesting they may provide some contribution to the development of this adverse
effect. SIPR2 [14; 79] and S1PR3 [23; 79] are expressed on astrocytes and microglia.
S1PR3 can contribute to neuro-inflammatory processes [23] and S1PR2 can alter the blood-
brain barrier to affect neuroinflammation [14]. However, FTY720 [6] and ponesimod [58],
which do not bind S1PR2, were able to block OIH and tolerance; suggesting the contribution
of S1IPR2 to morphine-induced effects are minimal. As more selective SIPR3 antagonists
become available, additional studies will need to be done to fully understand the role S1IPR3
in opioid-induced adverse effects.

Our results also reveal that SIPR1 contributes to the development of neuroinflammatory
events in the spinal cord associated with morphine-induced S1P signaling. A growing body
of evidence now supports the notion that sustained morphine drives glial activation and
causes an imbalance between inflammatory signaling from cytokines such as IL-1p and anti-
inflammatory cytokine signaling through IL-10 [24; 34; 61]. Several triggers have been
proposed including direct activation of toll-like receptors on glia by morphine and glial
response to increased ATP in the synapse [24; 34; 61]. In turn, this imbalance towards
inflammatory signaling leads to increased neuronal excitability and long-term potentiation in
the CNS [24; 34; 61]. S1IPR1 expression increases during neuroinflammation and its
expression is associated with reactive microglia and astrocytes [31; 42]. Moreover, its
activity in astrocytes [11; 51; 55; 62] and microglia [49; 54; 59] contributes to their
increased reactivity and migration [11; 49; 51; 59], activation of NFxB [62] and induction of
cytokine and chemokine production [11; 54; 55; 62]. Accordingly, the functional and
competitive SIPR1 antagonists used in our studies blocked increased expression of markers
of gliosis and astrocyte and microglia reactivity, the activation of NFxB and p38 kinase
signaling pathways and the increase production of inflammatory cytokines during sustained
morphine treatment. Moreover, I1L10 levels increased in the spinal cord in response to
treatment with S1IPR1 antagonists, which has been shown as part of the way S1PR1
antagonists attenuate or resolve inflammation in other diseases including colitis [17],
chemotherapy-induced neuropathic pain [35; 69], multiple sclerosis [11; 62], autoimmune
diabetes [36] and corneal allograft rejection [80]. Emerging evidence now suggests that
astrocyte-derived S1PR1 signaling is a critical driver of neuroinflammation [4; 11; 22; 55;
62; 69] and the activation and S1P-dependent proinflammatory effects in microglia are
secondary to S1IPR1-mediated effects in astrocytes [11; 62]. Consistent with this, we have
recently found intrathecal administration of SEW2871 induces mechano-hypersensitivities
in normal rats through NLRP3/IL-1p-dependent neuroinflammation and astrocyte-specific
signaling [22]. Given these proinflammatory effects of astrocyte-specific S1IPR1, coupled
with evidence that SIPR1 expression in the CNS is greatest in astrocyte populations [79]
and increases in CNS astrocytes during neuroinflammation [31], it is possible that astrocytes
are the cellular substrate for that actions of S1P and S1PR1 antagonist during the
development of OIH and tolerance. Whether S1IPR1 expression in astrocytes is increased
following morphine and contributes to these adverse effects is a subject of ongoing
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investigation in our laboratories. The impact of SIPR1 antagonists in blocking
neuroinflammatory processes in the spinal cord were obtained after intrathecal or oral
administration of the drugs and we cannot exclude the potential involvement of S1PR1
effects in dorsal root ganglia due to potential drug access at this site post intrathecal
injection [39], which is a limitation of intrathecal routes. Accordingly, additional beneficial
effects of SIPR1 antagonists may include their inhibitory effects of neuronal S1PR1 activity
in dorsal root ganglia [40; 78].

Until recently, OIH has only been assessed concurrently with or within a few hours after
opioid administration and largely in absence of an exaggerated pain state [25]. Our data
provide evidence that the development of morphine anti-allodynic tolerance in a model of
traumatic nerve injury and the persistent sensitization enabled by a brief exposure to the
opioid can be prevented by an S1IPR1 antagonist. This suggests that SIPR1 signaling
contributes to neuropathological changes involved in the development of anti-allodynic
tolerance and persistent sensitization. Although we have shown that S1IPR1 antagonists are
capable of reversing CCl-induced neuropathic pain, their effects on the anti-allodynic effects
of morphine occurred with doses of SIPR1 antagonist that had no effect on CCl-induced
neuropathic pain when used alone [9]. Here it is possible that there is synergism between
morphine’s anti-allodynic effects and S1PR1 antagonists’ effects on CCl-induced
neuroinflammation that provide neuropathic pain relief. However, our findings in our
persistent pain model may suggest that SIPR1 antagonist are addressing the
neuroinflammation brought on by morphine administration and not necessarily the
underlying changes brought on by CCI. Evidence suggests that 5 days of morphine will
increase spinal glial cell reactivity and NLRP3-driven neuroinflammation over that brought
on by CCI [25]. This increase in neuroinflammation is what is thought to drive the
development and maintenance of persistent sensitization [25]. Yet, we found no evidence
that FTY720, when used alone, hastened the recovery of animals from CCl-induced
neuropathic pain when compared to animals treated with vehicle and saline. This suggests
that at low doses, FTY720 are attenuating the neuroinflammatory effects triggered by
morphine. Additional pharmacological and biochemical studies will be needed to determine
how these pathways interact in neuropathic pain models.

The mechanisms by which sustained exposure to morphine triggers sphingolipid metabolism
are not known. Activation of classical (p-opioid receptor) [13; 50; 57; 61] and non-classical
(toll-like receptor 4, TLR4) pathways on glial cells [76] contribute to opioid-induced
antinociceptive tolerance and OIH. Sphingolipid compaosition, particularly the concentration
of ceramide, has been shown to be important for the organization of p-opioid receptor lipid
microdomains [46] and there is some evidence suggesting a link between p-opioid receptor
activation and increased ceramide production [60]. In addition, opioid-induced p-opioid
receptor internalization activates the NADH/NADPH oxidase system to contribute to
oxidative stress [37], which, in turn, can stimulate sphingolipid metabolism [77]. However,
activation of TLR4 has also been reported to activate the ceramide metabolic pathway [64].
Ongoing studies in our laboratories are addressing these questions.

Collectively, our findings provide compelling evidence that chronic morphine-induced
alterations in sphingolipid metabolism and signaling through S1PR1 are germane to multiple
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opioid-induced adverse events. Thus, this paradigm shift in the understanding of S1PR1
signaling has implications on the future development of S1PR1 antagonists as adjuncts to
opioids for chronic pain treatment. Our work provides support for investigating the clinical
validation of S1PR1 in opioid-induced adverse effects and considering the repurposing
FTY720 as an opioid adjunct to mitigate adverse effects. More broadly, it is interesting to
hypothesize that alterations in opioid-mediated sphingolipid metabolism within the central
nervous system may also have implications on the development of the comorbidities
associated with chronic opioid use, such as depression [27]. To this end, emerging evidence
in other fields has linked depression to altered sphingolipid metabolism [7; 18].
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Fig. 1. Intrathecal delivery of W146 but not its inactive enantiomer, W140 prevents the

development of OIH and antinociceptive tolerance.

(A,B) When compared to vehicle and saline-treated male rats, time-dependent hyperalgesia
(A) and antinociceptive tolerance (B) developed in rats treated with morphine over 6 days.
Intrathecal administration of the S1PR1 antagonist W146, but not W140, blocked the
development of OIH and tolerance in a dose-dependent manner. There were no effects on
those rats treated with saline. [Time x treatment: (A) F(21,96)=34, p=3.5x10"%, 77;=0.97,
r=6/group; 48 animals with no exclusions; (B) F(21,120)=59, p=2.5x1073, 77,=0.98, =5/
group; 40 animals with no exclusions]. Results are mean+SD and analyzed by two-tailed,
two-way ANOVA with Bonferroni comparisons. *P<0.05 vs. DO and tP<0.05.
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Fig. 2. SIPR1 inhibition does not alter acute morphine antinociceptive efficacy.
When measured at 30 min after acute morphine, the antinociceptive effects of morphine was

not modified by W146 (2 nmol/day) or its vehicle in naive male rats [Dose x Treatment:
F(3,24)=0.36, 0=0.78, r]2p=0.26, n=5/group; 10 animals with no exclusions]. Results are
meanxSD and analyzed by two-tailed, two-way ANOVA with Bonferroni comparisons.
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Fig. 3. Effects of SIPR2 and S1PR3 antagonists on OlIH and antinociceptive tolerance.
Intrathecal administration of a selective SIPR2 (JTE-013; 2 nmol/day) or S1IPR3

(CAY10444; 2 nmol/day) antagonist in male rats had no significant effects on the
development of hyperalgesia (A; F(3,12)=6.1, p=0.0094, 7°=0.60, /=4/group; 16 animals
with no exclusions), but had modest, but significant, effects or tolerance (B; F(3,12)=84,
=2.6x1078, 72=0.95, =4/group; 16 animals with no exclusions) in rats. Results are mean
+SD and analyzed by two-tailed, one-way ANOVA with Dunnett’s comparisons. *P<0.05
vs. Veh+Sal; tP<0.05 vs. Veh+Mor.
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Fig. 4. S1IPR1 antagonist, NIBR-14, but not the S1IPR1 agonist, SEW2871, prevents the
development of OIH and antinociceptive tolerance.

(A,B) When compared to vehicle and saline-treated male rats, time-dependent OIH (A) and
antinociceptive tolerance (B) developed in rats treated with morphine over 6 days.
Intrathecal administration of the S1PR1 antagonist NIBR-14, but not the intrathecal or
intraperitoneal administration of the S1IPR1 agonist SEW2871, concurrent with morphine
treatment over 6 days blocked the development of OIH and tolerance [Time X treatment: (A)
F(15,54)=44, p=1.1x10"24, 77,=0.98, n=4/group, 24 animals with no exclusions; (B)
F(15,54)=11, p=1.5x10"11, 77,=0.92, n=4/group; 24 animals with no exclusions]. Results
are meanzSD and analyzed by two-tailed, two-way ANOVA with Bonferroni comparisons.
*P<0.05 vs. DO and 1P<0.05.
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Fig. 5. Intrathecal delivery of Slprl-targeting siRNA prevents the development of OIH and
antinociceptive tolerance.

Intrathecal administration of SZpri-targeting siRNA (siS1PR1; 2 ug on days 1, 2 and 4) has
been shown to reduce S1PR1 expression in the spinal cord by at least 45% [69]. Intrathecal
administration of siS1IPR1 in male rats, but not a non-targeting siRNA (siNT), blocked the
development of hyperalgesia (A; F(3,20)=107, p=1.8x10712, 7?=0.94, n=6/group, 24
animals with no exclusions) and tolerance (B; F(3,20)=58, p=58, 7°=0.90, r=6/group, 24
animals with no exclusions). Results are mean=SD and analyzed by two-tailed, one-way
ANOVA with Dunnett’s comparisons. *P<0.05 vs. Veh+Sal and tP<0.05 vs. Veh+Mor.
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Fig. 6. Oral administration of functional and competitive SLIPR1 antagonists prevents the
development of OIH and antinociceptive tolerance.

In male rats, the development of thermal hyperalgesia and antinociceptive tolerance by day
six was blocked by oral administration of NIBR-14 or NIBR-15 (A, B), FTY720 (C,D: =9/
group) or ponesimod (E, F). (G,H) In female rats, oral administration of FTY720 (0.1
mg/kg/day) also blocked the development of thermal hyperalgesia and antinociceptive
tolerance by day 6. Results are mean+SD and analyzed by two-tailed, one-way ANOVA
with Dunnett’s comparisons. [Treatment: (A) F(5,30)=99, p=1.0x10"17, 7%=0.94, =6/
group, 42 animals with no exclusions; (B) F(5,24)=52.9, p=3.5x10712, 72=0.92, =5/group,
40 animals with no exclusions; (C) F(5,48)=86.4, p=8.3x10723, 77=0.90, 7=9/group, 54
animals with no exclusions; (D) F(5,48)=52.2, p=2.9x10718, 7°=0.84, n=9/group, 24
animals with no exclusions; (E) F(3,20)=73.9, p=5.4x10"11, 7%=0.92, n=6/group, 48
animals with no exclusions and (F) F(3,16)=20.6, p=9.6x1075, 7%=0.79, =5/group, 24
animals with no exclusions; (G) F(2,17)=120, p=6.0710, 7°=0.94, n=6/group, 18 animals
with no exclusions and (H) F(2,17)=63, p=5.1x1078, 7%=0.89, 7=6/group, 18 animals with
no exclusions] *P<0.05 vs. Veh+Sal and tP<0.05 vs. Veh+Mor.
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Fig. 7. Oral administration of SIPR1 antagonists prevents the development of anti-allodynic
tolerance in mice with traumatic nerve injury.

(A) By day 7 post CCI-surgery, mechano-allodynia in male mice was evoked by von Frey
filaments applied to the paw ipsilateral to CCIl. When compared to the vehicle + saline group
(n=4) on day 7, mice receiving subcutaneous injections of morphine with vehicle (n=4) had
attenuated mechano-allodynia. The anti-allodynic effect of morphine was lost during
repeated daily administration (anti-allodynic tolerance). Oral administration of FTY720
(0.03 mg/kg/day; 7=5) and NIBR-15 (0.3 mg/kg/day; n=5) with daily morphine injection
blocked the development of morphine-induced anti-allodynic tolerance. [Time X treatment:
F(18,98)=10.4, p=1.1x10"15, 72,=0.91, 18 animals with no exclusions]. (B) When measured
on day 13, the plasma levels of morphine metabolites (M3G/M6G) were not altered amongst
the groups [Treatment: F(3,14)=2.6, p=0.093, 7/°=0.36, 18 animals with no exclusions].
Results are mean+SD and analyzed by two-tailed, (A) two-way ANOVA with Bonferroni
comparisons or (B) one-way ANOVA with Dunnett’s comparisons. *P<0.05 vs. day (D)0;
tP<0.05 vs D7; §P<0.05 vs. Veh+Mor.
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Fig. 8. Oral administration of SIPR1 antagonists attenuates morphine-induced persistence of
neuropathic pain.

Neuropathic pain induced by CCI in male F344 rats treated with saline for 5 days resolved
itself by 7-8 weeks post-CCl. In contrast, morphine treatment extended the persistence of
neuropathic pain through 8 weeks post-CCI. The interval of morphine-induced persistent
sensitization was significantly reduced with intraperitoneal administration of a low dose of
FTY720 (0.1 mg/kg/day) during morphine treatment. FTY720 had no effect in saline-treated
animals. [Time x treatment: F(27,200)=5.7, p=1.0x10"13, 72,=0.85, n=6/group, 24 animals
with no exclusions ]. Results are mean+SEM and analyzed by two-tailed, two-way ANOVA
with Bonferroni comparisons. 1P<0.05 vs. Veh+Mor.
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Fig. 9. Intrathecal administration of W146 blocks the development of morphine-induced
neuroinflammation in the dorsal horn of the spinal.

When compared on day 6 to rats treated with vehicle and saline, the expression of GFAP
(astrocytes; A) and OX-42 (microglia; B) increased in the dorsal horns of the spinal cord
from male rats treated with morphine infusion. Intrathecal injection of W146 (2 nmol/day;
A,B) blocked morphine-induced GFAP and OX-42 expression. (C,D) When compared to
Veh + Sal treated rats on day six, phosphorylation p38 increased (C), cytosolic IxBa
decreased (D) and nuclear translocation of NFxB p65 increased (D) in the dorsal horn of the
spinal cord from rats treated with morphine. These events were blocked with intrathecal

Pain. Author manuscript; available in PMC 2021 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Doyle et al.

Page 27

injections of W146 (2 nmol/day; C,D). Using ImageJ [66], the images for p-actin (A, B)
were inverted from the original blot image. All blots were cropped for clarity. Results are
expressed as meanxSD for n=6 rats/group (54 animals with no exclusions) and analyzed by
two-tailed, one-way ANOVA with Dunnett’s comparisons. [Treatment: (A) GFAP:
F(2,15)=67, p=3.4x1078, 7’=0.90; (B) OX-42: F(2,15)=44, p=5.0x10"7, 7°=0.86; (C)
F(2,15)=71, p=2.2x10718, 72=0.90; (D) IxBa.: F(2,15)=39, p=1.2x107%, 7°=0.84; NFxB
p65: F(2,15)=52, p=1.8x10~7, 7%=0.87. *P<0.05 vs. Veh+Sal and tP<0.05 vs. Veh+Mor.
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Fig. 10. Oral administration of FTY720 blocked morphine-induced neuroinflammation in the
dorsal horn of the spinal cord.

(A,B) When compared on day 6 to rats treated with vehicle and saline, the expression of
GFAP (astrocytes; A) and OX-42 (microglia; B) increased in the dorsal horns of the spinal
cord from male rats treated with morphine infusion. Oral administration of FTY720 (0.1
mg/kg/day) blocked morphine-induced GFAP and OX-42 expression. (C,D) When
compared to Veh + Sal treated rats on day six, phosphorylation p38 increased (C), cytosolic
IxBa decreased (D) and nuclear translocation of NFxB p65 increased (D) in the dorsal horn
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of the spinal cord from rats treated with morphine. These events were blocked with oral
administration of FTY720 (0.1 mg/kg/day; C,D). Using ImageJ [66], the images for B-actin
(B) were inverted from the original image and the brightness and contrast was adjusted
across the blots for D: NFxB p65. All blots were cropped for clarity. Results are expressed
as meanxSD for n=6 rats/group (54 animals with no exclusions) and analyzed by two-tailed,
one-way ANOVA with Dunnett’s comparisons. [Treatment: (A) GFAP: F(2,15)=43,
p=5.8x1077, 7%=0.85; (B) OX-42: F(2,15)=6.9, p=0.0076, 7°=0.48; (C) p-p38: F(2,15)=45,
p=4.9x1077, 7%=0.86; (D) IxBa: F(2,15)=377, p=1.5x10713, 7%=0.98; NFxB p65:
F(2,15)=474, p=2.8x10714, 7?=0.98. *P<0.05 vs. Veh+Sal and 1P<0.05 vs. Veh+Mor.
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Fig. 11. Oral administration of functional and competitive SIPR1 antagonists block morphine-
induced neuroinflammatory cytokine production in the dorsal horn of the spinal cord.

(A) When compared on day 6 to rats treated with vehicle and saline, IL-1p, TNF and IL-6
expression increased in the dorsal horn of the spinal cord from male rats treated with
morphine, which was blocked in rats that received intrathecal injections of W146 (2 nmol/
day) or oral administrations of FTY720 (0.1 mg/kg/day). (B) In contrast, the levels of the
anti-inflammatory/neuro-protective cytokine IL-10 increased in the dorsal horn of the spinal
cord in mice treated with intrathecal W146 (2 nmol/day) or oral FTY720 (0.1 mg/kg/day)
during morphine treatment. Morphine alone did not significantly alter 1L-10 expression.
Results are expressed as mean+SD for n=6 rats/group (24 animals with no exclusions) and
analyzed by two-tailed, one-way ANOVA with Dunnett’s comparisons. [Treatment: (A)
IL-1B: F(3,20)=29, p=1.9x1077, 77=0.81; TNF: F(3,20)=90, p=9.2x10712, 7%=0.93, IL-6:
F(3,16)=20, p=1.3x107°, 7°=0.79; and (B) F(3,20)=17, p=1.1x107°, 7°=0.72]. *P<0.05 vs.
Veh+Sal and tP<0.05 vs. Veh+Mor.
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