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ABSTRACT

Treatment of pain with morphine and its congeners in sickle cell anemia is suboptimal, warranting the need for anal-
gesics devoid of side effects, addiction and tolerance liability. Small-molecule nociceptin opioid receptor ligands show
analgesic efficacy in acute and chronic pain models. We show that AT-200, a high affinity nociceptin opioid receptor
agonist with low efficacy at the mu opioid receptor, ameliorated chronic and hypoxia/reoxygenation-induced
mechanical, thermal and deep tissue/musculoskeletal hyperalgesia in HbSS-BERK sickle mice. The antinociceptive
effect of AT-200 was antagonized by SB-612111, a nociceptin opioid receptor antagonist, but not naloxone, a non-
selective mu opioid receptor antagonist. Daily 7-day treatment with AT-200 did not develop tolerance and showed a
sustained anti-nociceptive effect, which improved over time and led to reduced plasma serum amyloid protein, neu-
ropeptides, inflammatory cytokines and mast cell activation in the periphery. These data suggest that AT-200 amelio-
rates pain in sickle mice via the nociceptin opioid receptor by reducing inflammation and mast cell activation without
causing tolerance. Thus, nociceptin opioid receptor agonists are promising drugs for treating pain in sickle cell anemia.

Introduction

Sickle cell anemia (SCA) is associated with unpredictable
recurrent acute vaso-occlusive (VOC) pain episodes (“crises”)
and chronic pain, which can begin early and continue to
increase, leading to poor quality of life and shortened sur-
vival."”” Opioid treatment is widely used to treat pain in SCA,
but remains a suboptimal approach due to side-effects includ-
ing somatic and psychiatric co-morbidities, dependence liabil-
ity, and opioid hyperalgesia.*® Relatively higher doses of mor-
phine are required to treat sickle pain as compared to other
conditions, which may increase the risk of side-effects.
Morphine is also known to increase inflammation via the
activation of toll-like receptor 4 (TLR4).° We found that TLR4
expression is increased in mast cells and morphine stimulated
the release of substance P (SP) from mast cells and promoted
SP- and capsaicin-induced neurogenic inflammation in sickle
mice.” Therefore, while used for treating pain in SCA, mor-
phine may exacerbate existing mast cell activation, neuro-
genic inflammation and pain.

Morphine and its congeners exert their anti-nociceptive
effect via the mu opioid receptor (MOP/R). In addition to
MOP/R, the opioid receptor family includes the nociceptin
opioid receptor (NOP/R) which is involved in nociceptive sig-
naling via its endogenous peptide ligand nociceptin/orphanin
FQ (N/OFQ). NOP/Rs are found in the dorsal root ganglion
(DRG), spinal cord and supraspinal regions of the brain
involved in nociception.”"" Agonists and antagonists of
NOP/R have been demonstrated to influence pain at the
peripheral, spinal and supraspinal level in rodent models of
neuropathic and inflammatory pain.”**

The anti-nociceptive role of spinal NOP/Rs is suggested to
result from an inhibitory action on SP-mediated nociception

via second-order neurons.” SP levels are increased in the
serum of patients with SCA and in sickle mice compared to
healthy subjects and control mice, respectively.'®” The
endogenous NOP/R peptide agonist N/OFQ has been shown
to inhibit the release of SP and calcitonin gene-related peptide
(CGRP) from sensory nerve endings.”® Chemically-induced
release of neuropeptides from mast cells and capsaicin-sensi-
tive afferent nerve terminals were also attenuated by
N/OFQ.” Mast cells are tissue-resident inflammatory cells,
which can release pro-inflammatory cytokines, neuropep-
tides and proteases such as tryptase, upon degranulation/acti-
vation.”” Tryptase released from mast cells activates protease
activated receptor-2 (PAR-2) on peripheral nerve terminals
stimulating the release of neuropeptides and pain.>*
Neuropeptide SP, in turn, activates mast cells, leading to a
vicious cycle of mast cell and neural activation, resulting in
chronic pain. We found that sickle mice show mast cell acti-
vation and mast cell-dependent neurogenic inflammation and
pain.” Since NOP/R agonists appear to block neuropeptide
release from peripheral nerve endings and mast cells, we
examined the possibility of using small-molecule NOP/R ago-
nist AT-200 to treat pain in SCA.

We used transgenic homozygous HbSS-BERK mice,
expressing sickle hemoglobin, which show characteristic fea-
tures of experimental pain observed in human SCA.'*** We
demonstrate the anti-nociceptive activity of a small-molecule
NOP/R agonist AT-200 (formerly SR14150), and the mecha-

nism of its action in sickle mice.

Methods

Mice
Experiments were performed following approval from the
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Institutional Animal Care and Use Committee. We used transgenic
HbSS-BERK mice (designated ‘sickle’) that are homozygous for
knockout of both o and p murine globins, but carry the transgenes
for human a and p° (hemoglobin S). Control HbAA-BERK mice
(designated ‘control’) are also knockout for both a and # murine
globins and express normal human hemoglobin A. Sickle mice reca-
pitulate the genetic, hematologic and pathological features of the
human SCA.” Sickle mice are challenging to breed. Pups can die in
utero or post-natally, resulting in few surviving adults and fewer
male mice. Breeder mice and pups are fed “Sickle Cell Mouse Diet”
(TestDiet, St Louis, MO, USA) up to 10-12 weeks and the regular
Rodent Diet (Harlan Laboratories, Hayward, CA, USA) thereafter.
We and others found that sickle mice start developing hyperalgesia
after three months of age, which continues to increase up to ten
months and also show central sensitization.'*”*% Features of
experimental pain in sickle mice are similar to those observed clin-
ically, including, mechanical, thermal and deep tissue hyperalge-
sia.'%**? In addition to hyperalgesia, sickle mice also show inflam-
mation, endothelial dysfunction, mast cell activation and increased
cutaneous SP and CGRP/"** Mice were genotyped for the presence
of human o and B/p* hemoglobins and absence of mouse o and 3
hemoglobins (Transnetyx), and phenotyped for human HbA (con-
trol mice) or single band of HbS (homozygous sickle).” Control and
sickle mice show hematocrit values of 46.64+2.8 and 32.5+6.3
(P=0.0005), white blood cell counts of 5.3 K/uL+1.7 and 17.2
K/uL+7.9 (P=0.003), and reticulocyte percentage levels of 5.7+1.9
and 65.6+6 (P=0.0000), respectively.

Drugs

AT-200 [1-(1-cyclooctylpiperidin-4-yl)-indolin-2-one], formerly
called SR14150, was synthesized as a hydrochloride salt using pre-
viously reported procedures by Zaveri et al”* AT-200 is a high affinity
NOP/R ligand, with more than 20-fold binding selectivity over
MOP/R, and partial agonist activity at NOP/R, as determined by a
functional assay measuring the stimulation of [°SJGTPyS.*® AT-200
also has low efficacy partial agonist activity at MOP/R.* AT-200 was
dissolved in 1-2% dimethylsulfoxide and 0.5% aqueous hydrox-
ypropylcellulose, and administered subcutaneously (s.c.) at doses of
5, 10 and 20 mg/kg. Morphine sulfate (Eli Lilly & Co., Indianapolis,
IN, USA) was administered s.c. at a dose of 20 mg/kg, based on our
previous study showing that 10 mg/kg dose was not effective; in
fact, a 20 mg/kg dose was effective in this model."®

Treatment of mice with AT-200

Chronic treatment with AT-200: mice were injected with 10 mg/kg
s.c. AT-200 or vehicle daily for seven days and tested for pain
behaviors 30 min after drug administration on days 1, 3, 5 and 7
and on day 8 (24 h after the last injection).

Co-administration of Naloxone or SB-612111: mice were injected
with 1 mg/kg s.c. Naloxone or 10 mg/kg s.c. SB-612111 (synthe-
sized in the Zaveri laboratory™) ten minutes prior to injecting with
10 mg/kg s.c. AT-200. Hyperalgesia was measured at 30, 60, 90,
180, and 240 min, and 24 h after the administration of AT-200.

Hypoxia/reoxygenation

Mice were exposed to hypoxia with 8% O, and 92% N, for 3
hours followed by re-oxygenation (H/R) at room air for 1 h, as pre-
viously described by us.”®

Detailed descriptions of the following methods are provided in
the Online Supplementary Appendix.

Somatosensory testing for pain behaviors

The following behavioral measures were performed in a quiet,
temperature-controlled room:'**

-mechanical paw withdrawal threshold and frequency;

-grip force to determine deep tissue/musculoskeletal
pain;

-withdrawal responses to heat stimuli;

-withdrawal responses to cold stimuli;

-balance and motor co-ordination.

-cutaneous blood flow;

-cutaneous mast cell staining;

-laser scanning confocal microscopy (LSCM) of skin.

Statistical analysis

The inferential test in Figure 1 is a repeated measures two-way
ANOVA to determine the effect of time and/or dose of AT-200.
For Figures 2-4, two type of inferential tests were used: 1) for com-
parisons of base-line levels with other time points, one-way
ANOVA followed by paired ‘¢’ tests were used; 2) comparisons of
vehicle and AT-200 at individual time points were based on
ANOVA followed by an unpaired t-test for individual compar-
isons along with additional comparisons as indicated between
vehicle and other (morphine or NOP/OR antagonists) treatment
and comparisons of pain measures at hypoxia/ re-oxygenation and
later time points. A two-way ANOVA is used in Figure 5 to deter-
mine the effect of genotype and/or treatment followed by an
unpaired rtest within treatment category or within genotype.
Bonferroni correction was used to adjust for multiple pairwise
comparison in all the analyses. P<0.05 was considered significant.
Data were analyzed using Prism 5 software (GraphPad, San
Diego, CA, USA).

Results

AT-200 ameliorates hyperalgesia in sickle mice

Mechanical, deep tissue and thermal hyperalgesia
increases with age in sickle mice'®” similar to chronic pain
in sickle patients."'*** Therefore, older mice [approx. 18.5
months (mo)] showing increased sensitivity to different
stimuli compared to young mice (approx. 4.4 mo) were
used to examine the effectiveness of AT-200 (Online
Supplementary Figure S1). The two-way repeated measures
ANOVA shows no significance for comparison with con-
trol, whereas different doses of AT-200 in sickle mice
show significant interaction over time for all behavioral
measures (Table 1).

Overall, AT-200 at a dose of 10 mg/kg reduced sensitiv-
ity to all stimuli in sickle mice to levels observed in age-
matched control mice and the effect of a single dose lasted
up to 24 h (Figure 1). A 5 mg/kg dose, on the other hand,
was effective in reducing hyperalgesia significantly for
only up to 30 min, whereas, the highest dose of 20 mg/kg
led to lethality in sickle mice. Therefore, AT-200 demon-
strates dose-dependence. Response to 10 mg/kg AT-200
appears to be optimum, and was, therefore, used in subse-
quent experiments.

Mechanical hyperalgesia: AT-200 treatment had no effect
on mechanical sensitivity in control mice (Figure 1A and
C). Mechanical withdrawal threshold in sickle mice was
lower compared to control. AT-200 treatment increased
withdrawal thresholds in sickle mice from approximately
0.4 g at baseline to 2.1 g over a 3 h period, which remained
elevated to 1.1 g even after 24 h (sickle vehicle vs. AT-200;
P=0.0108) (last period of observation) (Figure 1B).
Similarly, mechanical PWEF in sickle mice is higher com-
pared to control mice but decreased after AT-200 treat-
ment, and remained decreased at 24 h (sickle vehicle vs.
AT-200, P<0.0001) (Figure 1D).



Table 1. Statistical analysis of two-way repeated measures ANOVA for comparing behavioral response to AT-200 treatment under normoxia.

Figure Interaction Time (Row Factor) Treatment (Column Factor)
1B Fy 5 = 7.197, P < 0.0001 F, 5 = 12.06, P < 0.0001 F, = 36.48, P < 0.0001
1D Fi 5= 19.71, P < 0.0001 F, 5 = 35.94, P < 0.0001 F, 5 = 83.98, P < 0.0001
IF Fyn = 17330, P < 0.0001 F,» = 1891, P < 0.0001 F, s =5.161, P =0.0169
1H Fy» = 4.905, P < 0.0001 F,» = 5.446, P = 0.0007 F, s = 20.26, P < 0.0001
1J Fy = 3417, P = 0.0022 F,n = 8.757, P < 0.0001 F, s = 11.94, P = 0.0005
1L F; 15 = 32.79, P < 0.0001 F, 5= 53.48, P < 0.0001 F, 5 = 111.6, P < 0.0001

Tivo-way repeated measures ANOVA with Bonferroni’s correction for multiple comparisons was used to analyze the effect of dose (AT200), time, and the interaction of dose and
time in the control and sickle mice separately. Analysis shows significant interaction between the doses tested over time, and between the different doses and the time points inde-

pendently, only in the sickle mice.

Deep/musculoskeletal pain: AT-200 showed no significant
increase in grip force in control mice after treatment
(Figure 1E). Lower grip force in sickle mice reflects muscu-
loskeletal pain in SCA. AT-200 increased grip force exerted
by sickle mice by 25 g over a 3 h period (sickle vehicle vs.
AT-200; P=0.0021), but its effects were not sustained for
24 h (Figure 1F).

Thermal sensitivity to heat and cold: sickle mice showed a
significant increase in thermal sensitivity compared to
control mice (Figure 1G-L). AT-200 reduced thermal sensi-
tivity in sickle mice (compared to baseline, F,.5s = 53.48,
P<0.0001 (heat), F,,, = 5.446, P=0.0007 (cold) but had no
effect on thermal sensitivity in control mice (Figure 1G-L).
Over a 3 h period, AT-200 noticeably doubled paw with-
drawal latency (PWL) to heat and to cold in sickle mice:
vehicle vs. AT-200, cold (P=0.0001) and heat (P<0.0001)
(Figure 1H and L). Further confirming a reduction to cold
sensitivity by AT-200, PWF to cold decreased significantly
over a 3 h period in sickle mice (vehicle vs. AT-200;
P=0.0002) (Figure 1J). Remarkably, 10 mg/kg AT-200
reduced heat sensitivity up to 24 h in sickle mice (sickle
vehicle vs. AT-200; P<0.0001) (Figure 1L).

AT-200 attenuates hypoxia/reoxygenation-evoked pain

Hypoxia/re-oxygenation injury leads to increased sensi-
tivity in all pain measures in sickle mice and recapitulates
VOC in SCA.” Mechanical threshold (t, = 3.4, P=0.0078)
and PWL to heat (t; = 5.7, P=0.0003) markedly decreased
and mechanical PWF (t, = 6.2, P=0.0002) increased after
incitement of H/R in sickle mice (Figure 2A, B and D). Pain
evoked by H/R was responsive to AT-200 and to a high
dose of morphine in sickle mice. Morphine attenuated
mechanical threshold and heat sensitivity up to 4 h and
PWEF up to 90 min. Both threshold and heat sensitivity
returned to pre-H/R levels after 24 h and PWF after 4 h in
sickle mice. AT-200, on the other hand, provided sustained
mechanical anti-nociceptive response for up to 24 h (t, =
2.4, P=0.035) (Figure 2A and B). AT-200 treatment showed
a remarkable increase in PWL, more than 2-fold that of
morphine at 30 min and sustained anti-nociception up to
24 h: baseline vs. 24 h: t, = 1.08 (P=0.307) for morphine
and t;, = 5.1 (P=0.0003) for AT-200) (Figure 2D). AT-200
was notably superior to morphine and showed a sustained
effect for up to 24 h.

Deep tissue pain (compared to baseline: Fs,, = 9.12
(P<0.0001) for morphine, Fsz; = 16.15, (P<0.0001 for AT-
200 and cold sensitivity increased following H/R, but both
AT-200 and morphine similarly attenuated these features
of pain in sickle mice (Figures 2C, E and F). Morphine and

AT-200 increased grip force up to 30 min, but returned to
base-line levels by 90 min (Figure 2C). Cold sensitivity
returned to base-line levels by 30 min following morphine
treatment, but AT-200 markedly reduced cold sensitivity
up to 90 min (t; = 7.6, P=0.00006) before returning to base-
line levels by 240 min (Figure 2E and F). Importantly, sickle
mice, but not control mice, exhibited sustained hyperalge-
sia up to 24 h with vehicle treatment following H/R.

Chronic treatment shows improved antinociceptive
response over time without causing tolerance

Sickle mice were treated with AT-200, morphine and
vehicle daily, and behavioral measures were obtained at
baseline and 30 min after injection of drugs every other
day (Figure 3A-C). A significant and consistent decrease in
PWF response to mechanical stimuli, an increase in grip
force and in PWL to heat occurred with both morphine
and AT-200 treatment up to seven days (last period of drug
injections) of testing compared to vehicle-treated sickle
mice: vehicle vs. morphine vs. AT-200 F,,, = 87.6
(P<0.0001) (PWE), F,., = 16.02 (P=0.0002 (grip force) and
F,..=129.1, P<0.0001 (PWL heat) (Figure 3A-C). The anti-
nociceptive effect of AT-200 was significantly higher than
morphine on each day of testing. A significant decrease in
hyperalgesia was also observed with AT-200 on day 8, 24
h after the last injection on day 7 (vehicle vs. AT-200 t, =
6.2, P=0.0002 (PWE), t, = 4.4, P=0.0016 (grip force) and t,
= 8.3, P<0.0001 (PWL heat)) (Figure 3A-C). Morphine did
not show a significant reduction in hyperalgesia compared
to baseline on day 8. On the contrary, 24 h after the last
injection, morphine-treated mice showed an increase in
PWF in response to von Frey fiber application, suggestive
of an increase in mechanical hyperalgesia compared to
baseline (Figure 3A-C). Together these data demonstrate
that daily treatment with AT-200 maintains its antinoci-
ceptive potency and shows a sustained effect even 24 h
following the last injection.

Chronic AT-200 treatment reduces cutaneous blood
flow and enhances motor co-ordination

The dorsal cutaneous blood flow is drastically reduced
in sickle mice chronically treated with AT-200 compared
to control mice (vehicle vs. AT-200 t,, = 5.7, P<0.0001 and
t, = 4.2, P=0.0028; sickle and control, respectively) (Figure
3D). In addition, the latency to fall increased in sickle mice
treated with AT-200, suggesting that motor co-ordination
and balance were significantly enhanced on day 8 (base-
line vs. day 8 t, = 2.4, P=0.04) (Figure 3E). Overall, vehicle-
treated mice showed no changes in any parameters tested.

Nociceptin agonist ameliorates pain in sickle mice -
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4 AT-200 exerts anti-nociceptive effect via NOP/R oid receptor antagonist. Pre-treatment of sickle mice with
in sickle mice SB-612111 inhibited the anti-nociceptive effects of AT-200

To determine whether the anti-nociceptive effect of AT-  on mechanical PWE musculoskeletal pain, and heat sensi-
200 is via NOP/R and/or MOP/R, mice were pre-treated  tivity, whereas pre-treatment with naloxone did not influ-
with SB-612111, a NOP/R antagonist, or naloxone, an opi-  ence the anti-nociceptive effect of AT-200 (Figure 4A-C).
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Importantly, the anti-nociceptive effect of AT-200 was sus-
tained up to 24 h in sickle mice pre-treated with naloxone
(vehicle vs. Naloxone + AT-200 tx= 3.7, P=0.0009, t; =
5.18, P=0.0002 and t, = 6.8, P<0.0001; PWE, grip force and
PWL (heat), respectively). Naloxone alone had no effect
compared to baseline.

AT-200 inhibits cutaneous mast cell degranulation

Mast cell density/mm’ and percent degranulating mast
cells were nearly 2- and 1.7-fold higher respectively in
sickle mouse skin, compared to control mice (control and
sickle vehicle vs. AT-200 F; ,, = 12.39, P<0.0001 for density
and F; », = 26.02, P<0.0001 for degranulating cells; Figures
S5A-F). Interestingly, AT-200 showed a robust 1.6-fold
decrease in the percentage of degranulating mast cells in
skin (vehicle versus AT-200 t,, = 7.4, P<0.0001) (Figure 5F)
but did not decrease mast cell density significantly (Figure
SE). Importantly, AT-200 treatment significantly reduced
plasma tryptase in sickle mice (vehicle versus AT-200 t; =
3.3, P = 0.015) (Figure 5G), suggesting reduced mast cell
degranulation. In addition, laser scanning confocal
microscopy (LSCM) revealed a strong immunoreactivity
of mast cell activation markers FceRI (green), CD117 (red),
and tryptase (turquoise) in the skin of sickle mice, which
was reduced appreciably upon AT-200 treatment (Online
Supplementary Figure S2).

AT-200 inhibits neuropeptides and inflammatory
cytokines

Plasma of sickle mice showed a nearly 1.4-fold and a
1.8-fold increase in SP and CGRP respectively, compared
to control mice (t,, = 4.0, P=0.0016 and t,; = 6.7, P<0.0001

respectively) (Figure 5H and I). Treatment with AT-200
significantly reduced plasma SP and CGRP in sickle mice.
Plasma SAP, an acute-phase protein and a marker of
inflammation, was elevated 3-fold in sickle mice com-
pared to control mice. AT-200 reduced plasma SAP in sick-
le mice by 2.25-fold (vehicle vs. AT-200 ts = 7.5, P=0.0003)
(Figure 5]). Complementary to the increase in SAP, plasma
IL-6, TNF-a, and RANTES were significantly higher in
sickle mice compared to control mice (Figure 5K-M). Two-
way ANOVA suggests that there is interaction between
the treatment and genotype in almost all of the parameters
tested. AT-200 treatment led to a significant decrease in
these inflammatory cytokines in sickle mice. Together,
AT-200 reduces neuroinflammation and the inflammatory
response in sickle mice.

Discussion

Pain in SCA is unique, often spanning the entire lifespan
of an individual, and requiring long-term treatment with
opioids. Due to the liabilities of dependence, tolerance,
and side-effects such as constipation and hyperalgesia,
opioid analgesia remains a sub-optimal approach. The
observed effectiveness of AT-200, a NOP/R agonist, to
treat hyperalgesia and VOC-associated nociception in
sickle mice suggests a promising new approach for treat-
ing pain in SCA. Since chronic AT-200 treatment does not
result in diminished analgesic efficacy but reduces mast
cell activation and neuroinflammation, it may have dis-
tinct advantages over opioids for a long-term use in ame-
liorating pain in SCA.
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Pain in SCA displays enormous phenotypic variability ~while a starting high dose above the therapeutic range
characterized by deep tissue pain and increased sensitivity  caused lethality, which could be at least in part due to the
to mechanical, heat and cold stimuli."** Sickle mice show  fragility of sickle mice. The 10 mg/kg dose of AT-200 was
these features of pain, which are further enhanced with  determined to be the optimum dose showing a potent
increasing age and upon H/R, recapitulating VOC."** A anti-nociceptive effect which was sustained for 24 h.
relatively small dose (10 mg/kg) of AT-200 was able to  Chronic pain is reported in about 50% of patients at all
ameliorate characteristic features of sickle pain in sickle times, and increases with age.” A significant number of
mice. AT-200 induced dose-dependent anti-nociception, these patients do not respond to opioid analgesia." AT-200
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Figure 3. Sustained anti-nociceptive effect and lack of tolerance with chronic AT-200 treatment. Mice were treated daily with vehicle, mor-
phine 20 mg/kg/day or AT-200 10 mg/kg/day for seven days. Sensory testing was performed at baseline before drug treatment and 30 min-
utes following the drug treatment on days 1, 3, 5 and 7 and on d8 (24 h following the last injection). Responses of sickle mice with each pain
stimulus are shown (A-C). A separate set of control and sickle mice were treated daily for seven days with AT-200 or vehicle and tested before
(baseline) and after eight days of starting the treatments, i.e. 24 h after the last daily drug injection (given on day 7, for dorsal cutaneous
blood flow measured by laser Doppler velocimetry (D) and performance on an accelerating rotarod (0-72 rpm) over a period of 5 min to meas-
ure balance and motor co-ordination (E). Statistical significance was calculated by comparing each value to BL (*), and with vehicle (1) for
each time point. *P<0.05 and **P<0.005 compared to BL; and ""P<0.005 compared to vehicle for that time point. Mean age of mice + SEM
in months were, HbSS-BERK Vehicle, 4.53 + 0.22 (n=6); HbSS-BERK Morphine, 4.6+ 0.25 and HbSS-BERK AT-200 (n=6), 4.6 £ 0.20. For the
analysis of physiological parameters 5 HbAA-BERK mice and 8 HbSS-BERK mice were used in each group. Veh: vehicle; PWF: paw withdrawal
frequency; PWL: paw withdrawal latency; BL: baseline; MS: morphine sulphate.
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Figure 4. Nociceptin receptor mediates the analgesic effect of AT-200. HbSS-BERK mice were injected with naloxone (1 mg/kg), a non-selec-
tive opioid receptor antagonist or SB-612111 (10 mg/kg), a selective NOP receptor antagonist, 10 min before injecting AT-200 (10 mg/kg)
or were administered vehicle, AT-200 or naloxone alone. Measures of (A) PWF, (B) Grip Force, and (C) PWL to heat are shown. SB-612111
antagonized AT-200-induced anti-nociceptive effect, but naloxone did not. Data are shown as mean + SEM from 5-7 HbSS-BERK mice per
treatment. Statistical significance was calculated by comparing each value to BL values (*), between vehicle and treatment groups
(").*P<0.05 and **P<0.005 compared to BL; 'P<0.05 and ""P<0.005 compared to vehicle for that time point. Mean age of mice + SEM in
months were, HbSS-BERK Naloxone (n=6), 6.2 £ 0.08; HbSS-BERK SB-612111 + AT-200 (n=7), 5.42 + 0.06; and HbSS-BERK Naloxone + AT-
200 (n=7), 5.5 + 0.09.
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was effective in reducing pain measures in older mice,
which could be similar to chronic pain in patients with
SCA. Small-molecule NOP/R agonists as well as bifunc-
tional NOP-MOP/R agonists show anti-nociceptive effects
in several rodent models of chronic and neuropathic
pain.”*** Therefore, AT-200 may be an alternative to opi-
oids when pain is chronic and/or non-responsive to opi-
oids.

Acute pain due to VOC can be recurrent, lasting several
days and requiring hospitalization.' Treatment at the pri-
mordial stage of pain is suggested to be more effective in
SCA. Opioid treatment poses a major challenge due to its
dependence liability and Schedule II classification leading

at an early stage, possibly without hospitalization. Indeed,
our data show that AT-200 remained moderately effective
for up to 24 h following the H/R-evoked nociception in
sickle mice. Therefore, NOP/R agonists represent an inno-
vative class of non-addicting analgesics effective in several
sickle pain modalities.”*

AT-200 binds to both NOP/R and MOP/R, but its affin-
ity for NOP/R is approximately 20-fold higher than for the
MOP/R receptor.”* Opioid antagonist naloxone did not
inhibit the anti-nociceptive effect of AT-200, but NOP/R
antagonist SB-612111 completely attenuated the anti-
nociceptive effect of AT-200 on mechanical and heat stim-
uli and deep tissue/musculoskeletal pain in sickle mice.

Nociceptin agonist ameliorates pain in sickle mice -

Thus, AT-200 likely exhibits its anti-nociceptive effect pre-
dominantly via NOP/R. Studies with NOP/R-targeted
drugs in rodents and primates suggest that the anti-noci-

to delays in treatment. Given the lack of rewarding effects
of AT-200,* availability of NOP/R-based analgesics such
as AT-200 may provide an advantage in treating SCA pain
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Figure 5. AT-200 treatment reduces mast cell degranulation and inflammation. Control and sickle mice were treated with vehicle or 10 mg/kg
AT-200/day for seven days as described in Figure 3D-E, and their dorsal skin and serum/plasma were analyzed 24 h following the last injection
on day 7 (A-D). Toluidine blue staining for mast cells in dorsal skin: Inset in (C) shows magnified degranulating mast cells. Original magnifica-
tion X900; scale bar, 20 um. Each image represents 12-16 reproducible images per mouse from 10-12 mice per treatment. Image acquisition
information: Olympus IX70 microscope, 60x/0.45 objective lens, DP70 digital camera and DP70 Manager Software (Olympus) and Adobe
Photoshop. (E) Mast cell density shown as means + SEM per square millimeter of skin sections stained with Toluidine blue. (F) Percentage of
degranulating mast cells shown as means + SEM degranulating mast cells to the total number of mast cells per square millimeter. Plasma
concentrations are shown in (G) Tryptase, (H) Substance P, (I) CGRP, (J) SAP, (K) IL-6, (L) TNF-o, and (M) RANTES.. Statistical significance was
calculated by comparing each value to control HbAA-BERK mice (*) and between vehicle and AT-200 (). *P<0.05 and **P< 0.005 compared
to vehicle-treated HbAA-BERK; and 'P<0.05 and '*P<0.005 compared to vehicle for that time point. Mean age of mice + SEM in months were,
HbAA-BERK Vehicle (n=4), 4.06 + 0.29, HbAA-BERK AT-200 (n=4), 4.04 + 0.29, HbSS-BERK Vehicle (n=4-7), 4.38 + 0.32, and HbSS-BERK AT-
200 (n=4-7), 4.41 £ 0.34. Veh: vehicle; CGRP: Calcitonin Gene-Related Protein; SAP: Serum Amyloid Protein; IL-6: Interleukin 6; TNF-o:: Tumor

Necrosis Factor alpha; RANTES: Regulated on Activation, Normal T-Cell Expressed and Secreted.
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ceptive effects of NOP/R agonists may be devoid of abuse
liability, tolerance, respiratory depression, constipation
and pruritis.*** Moreover, NOP/R agonists also show
anxiolytic-like effects.”* Pain in SCA is also associated
with depression and anxiety.* NOP/R agonists may, there-
fore, provide a therapeutic profile suitable for the manage-
ment of pain in SCA.

Pain was consistently ameliorated over a period of time
by daily treatment of mice with AT-200 without the
decrease in efficacy that normally accompanies tolerance
development. Morphine at 20 mg/kg dose was significant-
ly less effective than AT-200 upon daily treatment
throughout the 7-day period. Moreover, 24 h after the last
injection, morphine appeared to lose its anti-nociceptive
efficacy, whereas AT-200-treated mice still showed a sig-
nificant anti-hyperalgesic effect. In another study, we
found that daily subcutaneous administration of AT-200
(10 mg/kg) to ICR (normal) mice over nine days showed
no decrease in its anti-nociceptive efficacy in the tail-flick
assay, unlike with morphine (3 mg/kg) (Zaveri et al., person-
al communication). Furthermore, we observed a similar lack
of tolerance development with another bifunctional
NOP/mu agonist compound AT-201 (SR16435) in an acute
tail-flick assay* and after repeated intrathecal administra-
tion of SR16435 (3 mg/kg) in mice with neuropathic pain.*
Together, these findings suggest that AT-200 maintains its
anti-nociceptive efficacy upon repeated administration
over an extended period of time.

Reduced cutaneous blood flow following seven days of
AT-200 treatement in sickle mice is suggestive of reduced
inflammation. Indeed, AT-200 reduced cutaneous mast cell
degranulation and decreased circulating inflammatory
cytokines, neuropeptides, mast cell tryptase and SAP. We
have previously shown that treatment of sickle mice with
mast cell inhibitors imatinib or Cromolyn sodium for five
days reduced plasma CGRP and SE, inflammation marker
SAP, and markers of mast cell activation, namely tryptase
and p-hexosaminidase.” Release of inflammatory cytokines
TNE-a, IL6 and RANTES from the skin of sickle mice was
also significantly reduced upon treatment with mast cell
inhibitors, suggesting that activated mast cells contribute to
inflammation in SCA. Mast cell activation has also been
strongly implicated in the development of pain.**
Therefore, inhibition of mast cell-associated tryptase,
inflammatory cytokines and neuropeptides with correspon-
ding decrease in hyperalgesia in sickle mice treated with
AT-200 is suggestive of an anti-inflammatory effect of AT-
200. Moreover, the inhibitory effect of AT-200 on peripheral
mast cell activity observed herein is consistent with dose-
dependent inhibition of mucosal mast cell density for up to
52 h upon s.c. infusion of N/OFQ into the distal colon.”

Increased SP and CGRP in sickle mouse skin and plasma

N

are accompanied by neurogenic inflammation and TRPV1
activation in the peripheral nerve terminals.””* N/OFQ
reduces local axon reflex-mediated neurogenic inflamma-
tion by reducing the release of vasoactive neuropeptides
CGRP and SP from sensory afferent nerve terminals in the
periphery.”® In the chronically denervated rat model, an
intraperitoneal injection of N/OFQ inhibited the release of
neuropeptides SP, CGRP and somatostatin from isolated
rat trachea in response to capsaicin or bradykinin."” The
concomitant decrease in mast cell degranulation and
serum SP, SAP and cytokines in sickle mice following AT-
200 treatment is suggestive of reduced nociceptor excita-
tion and decreased inflammation. Since SP is elevated in
SCA patients ranging from 2-18 years of age compared to
age-matched normal subjects,” mast cell activation may
start early in age and contribute to elevated SP and pain
observed in SCA. Our results suggest that AT-200 may
have direct peripheral anti-inflammatory effects, possibly
by inhibiting the release of chemical mediators from mast
cells and capsaicin-sensitive afferent nerve terminals.

NOP/R agonist AT-200 significantly ameliorates tonic
and H/R evoked hyperalgesia and inhibits peripheral neu-
roinflammation in sickle mice. The antinociceptive effect
of AT-200 lasts for more than 24 h when administered
immediately following the incitement of H/R. Small-mol-
ecule NOP/R agonists such as AT-200 are a novel class of
analgesics, which directly target mechanisms underlying
pain in SCA. Thus, NOP/R agonists are promising anal-
gesics for sickle pain, without the liabilities associated
with opioids.
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