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BACKGROUND AND PURPOSE

Using an innovative chemical approach, peptide welding technology (PWT), a tetrabranched derivative of nociceptin/orphanin
FQ (N/OFQ) has been generated and pharmacologically characterized. Both in vitro and in vivo PWT2-N/OFQ displayed the
same pharmacological profile to the natural ligand. It was more potent and produced longer-lasting effects. The aim of the
present study was to investigate the spinal effects of PWT2-N/OFQ in nociceptive and neuropathic pain models in mice and
non-human primates.

EXPERIMENTAL APPROACH

Tail withdrawal assay in mice and monkeys was used as a nociceptive pain model and mechanical threshold in mice subjected
to chronic constriction injury was used as a neuropathic pain model. The antinociceptive effects of spinally administered
N/OFQ and PWT2-N/OFQ were assessed in these models.

KEY RESULTS

PWT2-N/OFQ mimicked the spinal antinociceptive effects of N/OFQ both in nociceptive and neuropathic pain models in mice
as well as in non-human primates displaying 40-fold higher potency and a markedly prolonged duration of action. The effects
of N/OFQ and PWT2-N/OFQ were sensitive to the N/OFQ receptor (NOP) antagonist SB-612111, but not to opioid receptor
antagonists.

CONCLUSIONS AND IMPLICATIONS

The present study has demonstrated that PWT2-N/OFQ mimicked the antinociceptive effects of the natural peptide in rodents
and non-human primates acting as a potent and longer-lasting NOP-selective agonist. More generally, PWT derivatives of
biologically active peptides can be viewed as innovative pharmacological tools for investigating those conditions and states in
which selective and prolonged receptor stimulation promotes beneficial effects.

Abbreviations
i.t, intrathecally; MOP, u-opioid peptide receptor; N/OFQ, nociceptin/orphanin FQ; NOP, N/OFQ peptide receptor;
PWT, peptide welding technology.
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Tables of Links

GPCRs
NOP receptor

| opioid receptor

N/OFQ, nociceptin/orphanin FQ
Naltrexone
SB-612111

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guideto PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Peptide welding technology (PWT) is a novel chemical strat-
egy that allows the synthesis of multi-branched peptides
with extraordinarily high yield, purity and reproducibility
(Guerrini etal.,, 2014). Using this approach, different
tetrabranched derivatives of endogenous peptides, including
nociceptin/orphanin FQ (N/OFQ), substance P, neurokinins A
and B, and more recently neuropeptide S, have been synthe-
sized and characterized. In vitro these compounds maintained
the biological activity, potency and selectivity of action of the
natural peptide. In vivo PWT derivatives showed higher
potency and a marked prolongation of action compared with
the natural sequences (Guerrini ef al., 2014; Rizzi et al., 2014;
Ruzza et al., 2014; 2015).

In particular, three different tetrabranched derivatives of
the neuropeptide N/OFQ have been synthesized and charac-
terized using in vitro and in vivo experiments. In vitro at the
human N/OFQ peptide receptor (NOP; receptor binding,
[**S]GTPyS binding, and calcium mobilization studies) PWT-
N/OFQ derivatives behaved as high-affinity potent and selec-
tive full agonists (Rizzi etal., 2014). In the electrically
stimulated mouse vas deferens, these compounds mimicked
the inhibitory action of the natural sequence with similar
maximal effects and threefold higher potencies. The NOP-
selective antagonist SB-612111 antagonized the effects of
N/OFQ and PWT derivatives with similar pKg values (8.02-
8.48) (Guerrini et al., 2014). In vivo after supraspinal admin-
istration, PWT2-N/OFQ stimulated food intake in mice
(Guerrini et al., 2014) and mimicked the inhibitory effects
exerted by N/OFQ on locomotor activity (Rizzi et al., 2014).
In these assays, PWT2-N/OFQ was 40-fold more potent, and
elicited a more intense and extremely long-lasting action
compared with the natural peptide (Guerrini et al., 2014;
Rizzi et al., 2014).

In rodents, N/OFQ and NOP receptor agonists have been
reported to produced variable effects on pain transmission
depending on the route of administration as well as pain
modality (Zeilhofer and Calo, 2003; Lambert, 2008; Schroder
et al., 2014). At the spinal level N/OFQ consistently produces
antinociceptive effects. Indeed the antinociceptive action of
N/OFQ injected intrathecally (i.t.) initially reported by Xu
et al. (1996) has been later confirmed in several laboratories.
This action likely derives from presynaptic inhibition of
excitatory synaptic transmission in the superficial layers of
the dorsal horn (Liebel et al., 1997). The importance of this
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biological action of N/OFQ is corroborated by the finding
that animals knockout for the NOP or the ppN/OFQ genes
display a robust pronociceptive phenotype in the formalin
test (Depner et al., 2003; Rizzi et al., 2007; 2014). The antino-
ciceptive action of spinally administered N/OFQ and NOP
receptor agonists is evident in models of acute pain, and is
even more pronounced in models of inflammatory and neu-
ropathic pain (see Schroder et al., 2014). The antinociceptive
properties of NOP agonists given i.t. have been confirmed in
non-human primate studies using N/OFQ (Ko et al., 2006; Ko
and Naughton, 2009) as well as NOP-selective (Hu et al.,
2010) or non-selective (Molinari etal., 2013) compounds.
Interestingly, spinal NOP-mediated antinociception is not
associated with typical p-opioid (MOP) receptor side effects
such as itch (Lin and Ko, 2013). Overall, these studies provide
functional evidence for NOP receptor agonists as analgesics.

In the present work, the effects of the novel NOP receptor-
ligand PWT2-N/OFQ have been investigated in nociceptive
(tail withdrawal) and neuropathic (chronic constriction
injury) pain models, after spinal administration in mice. In
addition, any possible effects on locomotor performance in
mice were evaluated using the rotarod test. The effects of i.t.
PWT2-N/OFQ were also investigated in non-human primates
by measuring tail withdrawal latencies and scratching
behaviour.

Methods

Animals
All animal care and experimental procedures were conducted
as humanely as possible and complied with the Guide for the
Care and Use of Laboratory Animals as adopted and promul-
gated by the U.S. National Institutes of Health (Bethesda, MD,
USA). The animal studies were approved by the Ethical Com-
mittee for the Use of Laboratory Animals (CEASA) of the
University of Ferrara and by the Italian Ministry of Health
(authorization number 316/2013-B; protocol number A13-
053 for NHP) and by the Institutional Animal Care and Use
Committee in Wake Forest University School of Medicine
(Winston-Salem, NC, USA). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny etal.,
2010; McGrath et al., 2010).

Male CD-1 mice were used in tail withdrawal and rotarod
experiments (20-25 g, Harlan, Udine, Italy; total number of


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=320
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1681
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1639
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1693
http://www.guidetopharmacology.org/
http://www.guidetopharmacology.org/
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140) and in chronic constriction injury (25-30 g, Harlan
Industries, Indianapolis, IN, USA; total number of 64) studies.
Mice were housed five per cage with food and water ad libitum
and a 12 h light/dark cycle under standard laboratory condi-
tions. Three adult male and female rhesus monkeys (Macaca
mulatta, aged 10-17 years old) weighing between 8.1 and
14.6 kg were used. Monkeys were individually housed and
their daily diet consisted of approximately 25-30 biscuits
(Purina Monkey Chow; Ralston Purina Co., St. Louis, MO,
USA), fresh fruit and water ad libitum. For 1 month before the
present study, the monkeys were not exposed to any phar-
macological treatment. All monkeys had previously been
trained in the warm water tail withdrawal assay and they
were housed in facilities accredited by the American Associa-
tion for the Accreditation of Laboratory Animal Care.

Mouse studies

All tail withdrawal assay experiments began at 10:00 h and
were performed according to the procedure described by
Nazzaro et al. (2007). Briefly, the animals were placed in a
holder and the distal half of the tail was immersed in water at
48°C. A cut-off time of 20s was chosen to avoid tissue
damage. If mice did not remove their tails within 20s
the tail was removed from the water and a maximum time of
20 s was recorded. Baseline values for tail withdrawal latency
were determined before drug administration in each animal.
Subsequent tail withdrawal latencies were measured at
multiple time points after i.t. administration of N/OFQ or
PWT2-N/OFQ.

The Rotarod test was used to investigate motor perfor-
mance of the same mice used in the tail withdrawal assay
following i.t. injection of N/OFQ or PWT2-N/OFQ. The day
before the experiment, each mouse was tested on the rotarod
(rota-rod for mice Ugo Basile, Varese, Italy) at a speed of
15 r.p.m. for 2 min. The day of the test, control and treated
mice were positioned on the rotarod and the time they spent
on the apparatus was measured (120 s cut-off).

Nerve injury was induced by ligation of the sciatic nerve as
described previously (Bennett and Xie, 1988) with modifica-
tion for mice. Briefly, mice were anaesthetized with i.p. injec-
tion of 80 mg-kg' ketamine and 12 mg-kg' xylazine. An
incision was made between the gluteus superficialis and biceps
femoris muscles in the right leg to expose the sciatic nerve.
Four chromic gut ligatures (5-0 gut suture) were tied loosely
around the sciatic nerve at 1 mm intervals in such a way that
the epineural blood flow was occluded, but not arrested. The
wound was closed by suturing the muscles and the skin.

Tactile allodynia was measured in mice with chronic con-
striction injury as paw withdrawal thresholds in response to
probing the ipsilateral paw with calibrated von Frey filaments
as described previously (Sukhtankar et al., 2013). No changes
were observed in withdrawal thresholds of the contralateral
paw. Mice were habituated for 45 min in suspended cages
designed with wire mesh floors. Von Frey filaments with
buckling weights ranging from 0.04 to 2.0 g were then
applied perpendicularly to the plantar surface of the ipsilat-
eral paw and held for 5 s. A positive response was indicated
by a sharp withdrawal of the paw. For each mouse, testing
began with a von Frey filament corresponding to the weight
of 0.4 g. If the animal made a positive response, the next
filament with lower force was applied. If the response was

negative, the next filament with higher force was used. The
experiment ended once the animal had made four responses
after the first positive response. Paw withdrawal threshold
was determined using the Dixon non-parametric method
(Dixon, 1980). Baseline values for paw withdrawal thresholds
were determined before chronic constriction injury as well as
before drug administration. Changes in tactile allodynia in
response to drug treatment were determined 2 weeks after the
nerve injury was induced. Separate groups of mice (n = 8 per
group) were used to study each dosing condition.

All behavioural tests were conducted by trained experi-
menters who were unaware of experimental conditions.

Monkey studies

Surgical implantation of i.t. catheters was performed accord-
ing to the detailed procedures described by Ding et al.
(2015). Briefly, animals were anaesthetized with ketamine
(10 mg-kg™!, i.m.), intubated and maintained under isoflu-
rane anaesthesia. Strict aseptic surgery procedures were fol-
lowed. Hemilaminectomy was performed in the lateral aspect
of the L4 or LS vertebral body. The catheter was inserted into
the i.t. space and advanced rostrally to place the catheter tip
in the L1-L2 lumbar region. The catheter was then routed s.c.
to the vascular access port site and was attached to the port.
Animals received buprenorphine (0.02 mg-kg”, i.m.) and
meloxicam (0.15 mg-kg™', s.c.) as post-operative analgesics
and Ceftiofur (2.2 mg-kg™', i.m.) as a post-operative antibi-
otic. Post-operative care and incision site observations were
performed daily for 14 days or until fully healed. Compared
with a conventional method using anaesthesia to deliver
drugs in the CNS, monkeys with implanted catheters allow
easier i.t. drug delivery and immediate measurement of early
drug effects. The warm water tail withdrawal assay was used
to evaluate thermal antinociceptive effects of PWT2-N/OFQ
(Ko and Naughton, 2009). Monkeys were seated in primate
restraint chairs, and the lower part of their shaved tail
(approximately 15 cm) was immersed into a thermal flask
containing water maintained at either 42, 46 or 50°C. Water
at 42 and 46°C was used as non-noxious stimuli, and 50°C
water was used as an acute noxious stimulus. Tail withdrawal
latencies were measured at each temperature using a comput-
erized timer by experimenters who were unaware of experi-
mental conditions. If monkeys did not remove their tails
within 20 s (cut-off), the flask was removed and a maximum
time of 20 s was recorded. Test sessions began with baseline
measurements at each temperature. Subsequent tail with-
drawal latencies were measured at multiple time points after
i.t. administration of PWT2-N/OFQ.

Behavioural activities of monkeys were recorded in their
home cages for scoring scratching behaviour, which is asso-
ciated with itch sensation (Ko etal., 2004). Each 15 min
recording session was conducted at 1, 3, 6 and 24 h after i.t.
PWT2-N/OFQ. A scratch was defined as one brief (<1 s)
episode of scraping contact of the forepaw or hind paw on
the skin surface. Total scratches were counted for each 15 min
session by experimenters who were blinded to experimental
conditions.

Drug administration
N/OFQ and PWT2-N/OFQ (synthesized in house as previ-
ously described Guerrini et al.,, 1997; Guerrini et al., 2014)
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and naltrexone (National Institute on Drug Abuse, Bethesda,
MD, USA) were dissolved in sterile water. SB-612111 hydro-
chloride (Tocris Bioscience, Bristol, UK) was dissolved in 1:1:8
ratio of DMSO, Tween 80 and sterile water.

In mice, drugs were administered i.t. in the volume of
5 uL as previously described (Sukhtankar et al., 2013). Briefly,
the mouse was secured by a firm grip on the pelvic girdle, and
the test drug was delivered by lumbar puncture between the
L5/L6 vertebrae using a 30 G needle attached to a 10 uL
Hamilton syringe. Mice in the control group received an i.t.
administration of sterile water. In monkeys implanted with
i.t. catheters (Ding et al., 2015), drugs were administered i.t.
in a volume of 1 mL through the subcutaneous access port.
There was a minimum of 1 week interval between drug
administrations.

Experimental design

The first part of the study was to characterize the effectiveness
and duration of PWT2-N/OFQ in comparison with N/OFQ in
mouse tail withdrawal assay with or without chronic con-
striction injury.

Withdrawal latency time was measured by an experienced
observer unaware of drug treatmenst. Tail withdrawal latency
was determined immediately before and at several time
points after i.t. injection of 5 uL of vehicle (control), N/OFQ
(0.1-10.0 nmol) or PWT2-N/OFQ (2.5-250.0 pmol). In addi-
tion the selective NOP antagonist SB-612111 (1 mg-kg™') was
administered i.v. (100 uL-mouse™! into the caudal tail vein
using a 30 G needle attached to a sterile syringe) 30 min
before spinal injection of PWT2-N/OFQ (25 pmol).

The rotator test was performed on the same mice used in
the tail withdrawal assay 20 and 60 min after i.t. injection of
N/OFQ and PWT2-N/OFQ respectively.

Mice with nerve injury-induced tactile allodynia received
an i.t. administration of PWT2-N/OFQ (2.5-250 pmol),
N/OFQ (0.1-10.0 nmol), or vehicle. Paw withdrawal thresh-
olds were then measured at several time points after i.t.
PWT2-N/OFQ or N/OFQ. In addition, antagonist studies were
conducted to determine the involvement of spinal NOP and
opioid receptors in the anti-allodynic effects of i.t. PWT2-N/
OFQ. The selective NOP antagonist SB-612111 (1 or 3 pug),
opioid antagonist naltrexone (3 pg) or vehicle was adminis-
tered i.t. 10 min before i.t. PWT2-N/OFQ (25 pmol). Paw
withdrawal thresholds were measured 0.5 h after PWT2-N/
OFQ treatment to determine antagonist effects.

The second part of the study was to characterize the
effectiveness and duration of PWT2-N/OFQ against thermal
nociception in monkeys. Monkeys received i.t. PWT2-N/OFQ
(0.3-3.0 nmol) or vehicle and their nociceptive thresholds
were measured at several time points after administration. To
determine the effect of PWT2-N/OFQ in eliciting itch sensa-
tion, monkeys received i.t. PWT2-N/OFQ (3 nmol) or vehicle
and their behavioural activities were scored for scratching
responses at 1, 3, 6 and 24 h after administration.

Data analysis

Tail withdrawal latency (s) or paw withdrawal latency (g) data
are shown in time course experiments. If the animal did
not respond to any von Frey filament or did not withdraw
their tail, the cut-off value was assigned. Curve fitting was
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performed using PRISM 4.0 (GraphPad Software Inc., San
Diego, CA, USA). Mean values (mean + SEM) were calculated
from individual animals for all behavioural endpoints. All
data were analysed by two-way aNovA (drug vs. time in dose—
response curve experiments, antagonist vs. agonist in antago-
nist experiments) with repeated measures followed by
Bonferroni’s multiple comparisons test except the rotarod
test data that were analysed by one-way aNova followed by
Dunnett’s test for multiple comparisons. The criterion for
significance for all tests was set at P < 0.05.

Results

In the mouse tail withdrawal assay, i.t. injection of N/OFQ in
the range 0.1-10 nmol produced a dose- and time-dependent
antinociceptive effect (Figure 1A). This effect peaked 5 min
post-injection and lasted (with the highest dose of N/OFQ,
i.e. 10 nmol) for 1.5 h. However, after i.t. injection of
10 nmol of N/OFQ, all mice exhibited hind limb flaccidity
and a marked decrease in spontaneous locomotor activity.
Thus, we investigated the effects of spinal N/OFQ in the
rotarod test. As reported in Figure 2A, all mice treated with
saline reached the cut-off time. N/OFQ at 0.1 nmol did not
modify animal performance on the rotarod while in the
1-10 nmol range it dose-dependently impaired performance
producing statistically significant effects at 10 nmol.

As shown in Figure 1B, PWT2-N/OFQ given i.t.,, in the
range 2.5-250.0 pmo], elicited dose- and time-dependent anti-
nociceptive effects. Multiple comparisons test indicated that
25 pmol of PWT-N/OFQ produced statistically significant anti-
nociception between 30 and 180 min and that 250 pmol of
PWT2-N/OFQ produced statistically significant antinocicep-
tion between 30 and 300 min time points. In comparison with
N/OFQ, the tetrabranched peptide elicited slightly lower anti-
nociceptive effects, but was approximately 40-fold more
potent, and proded longer-lasting effects. In particular the
increase in tail withdrawal latency induced by PWT2-N/OFQ
peaked at 30 min, remained stable for 3 h, and then slowly
returned to basal levels. The same animals were evaluated in
the rotarod assay 60 min after injection. PWT2-N/OFQ at 2.5
and 25.0 pmol did not modify animal performance on the rod
while at 250 pmol the tetrapeptide caused a statistically sig-
nificant impairment of animal performance (Figure 2B).

As shown in Figure 3, i.v. administration of the NOP
antagonist, SB-612111 (1 mg-kg', 30 min before i.t. injec-
tion) did not modify, per se, tail withdrawal latencies, but was
able to fully prevent the antinociceptive effect induced by
25 pmol PWT2-N/OFQ. Of note, this dose of antagonist has
previously been shown to prevent the antinociceptive action
of i.t. N/OFQ (Rizzi et al., 2007).

Figure 4 compares the effects of it. N/OFQ (0.1-
10.0 nmol) and PWT2-N/OFQ (2.5-250.0 pmol) on tactile
allodynia in mice with chronic constriction injury. Before
injury, all mice maintained paw withdrawal thresholds
above the cut-off value (2 g). Two weeks after the nerve
injury, the paw withdrawal thresholds were significantly
reduced (0.04 g). Paw withdrawal thresholds did not change
in mice injected i.t. with vehicle. I.t. N/OFQ produced anti-
allodynic effects in both dose- and time-dependent manners
(Figure 4A). N/OFQ 0.1 nmol elicited statistically significant,
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but short-lasting anti-allodynic effects; 1 and 10 nmol N/OFQ
produced greater effects that lasted up to 3 h from injection.

PWT2-N/OFQ mimicked the anti-allodynic effects of
N/OFQ (Figure 4B). Multiple comparisons test indicated that
2.5pmol PWT-N/OFQ produced anti-allodynic effects

between 0.5 and 3.0 h time points. Both 25 and 250 pmol i.t.
PWT2-N/OFQ produced anti-allodynic effects between 0.5
and 5.0 h time points.

Spinal injection of the NOP antagonist SB-612111,
attenuated the anti-allodynic effects of PWT2-N/OFQ
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Effects of SB-612111 (1 mg-kg™, i.v.) on i.t. PWT2-N/OFQ in the
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SB-612111: 737 + 139. *P < 0.05, significantly different from
vehicle; #P > 0.05, significantly different from PWT2-N/OFQ; two-
way ANOVA.

(25 pmol) in a dose-dependent (1 and 3 pg) manner. In con-
trast, the opioid receptor antagonist naltrexone (3 ug) did not
affect the action of PWT2-N/OFQ (Figure 5).

In monkeys, i.t. PWT2-N/OFQ produced antinociception
against an acute nociceptive stimulus (50°C water) in both
dose- and time-dependent manners. Multiple comparisons
test indicated that 0.3 nmol i.t. PWT2-N/OFQ produced anti-
nociception between 0.5 and 2.5 h time points while the
antinociceptive effects elicited by 1 and 3 nmol PWT2-N/
OFQ were still statistically significant 24 h from injection
(Figure 6A). The higher dose of PWT2-N/OFQ 3 nmol did not
significantly elicit scratching responses at any time point
(Figure 6B). I.t. PWT2-N/OFQ in monkeys at the three doses
tested did not cause any overt side effects including sedation
or motor impairment.

Discussion and conclusions

In this study, we investigated the antinociceptive effects of
the novel NOP receptor agonist PWT2-N/OFQ in mice and
monkeys. I.t. PWT2-N/OFQ elicited robust antinociceptive
effects similar to N/OFQ in both nociceptive and neuropathic
pain models in mice as well as in non-human primates.
PWT2-N/OFQ displayed higher potency and a markedly pro-
longed duration of action.

In the mouse tail withdrawal assay, i.t. N/OFQ produced a
dose- and time-dependent antinociceptive effect that peaked
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at 5 min post-injection and lasted (with the highest dose) for
1.5 h. However after i.t. injection of 10 nmol N/OFQ, all mice
exhibited hind limb flaccidity, decreased spontaneous loco-
motor activity and a profound impairment of performance
on the rotarod. Therefore, 1 nmol is the highest dose of
N/OFQ that produced an unbiased antinociceptive action but
this effect was short-lasting (15 min). In mice with chronic
constriction injury, N/OFQ elicited anti-allodynic effects in
both dose- and time-dependently. In these mice, N/OFQ
showed increased potency and duration of action compared
with mice in the tail withdrawal assay. These results suggest
that the antinociceptive action of spinal NOP activation was
more efficient against neuropathic than nociceptive pain.
This proposal is supported by earlier studies demonstrating
that spinal N/OFQ is more effective in neuropathic than
nociceptive pain models (Kamei et al., 1999; Courteix et al.,
2004) and its electrophysiological actions are more pro-
nounced in the spinal cord (Sotgiu et al., 2004) and dorsal
root ganglia (Abdulla and Smith, 1998) of the former than the
latter models. Although the mechanisms of N/OFQ spinal
antinociceptive effects are not fully understood, the evidence
that both NOP receptor and N/OFQ expression are increased
in pain-relevant areas in models of neuropathic pain (Rosen
et al., 2000; Briscini et al., 2002; Ma et al., 2005; Chen and
Sommer, 2006) may, at least in part, explain the higher effec-
tiveness of the peptide against neuropathic pain. These topics
are discussed in detail by Schroder et al. (2014).

Similar to N/OFQ, PWT2-N/OFQ produced antinocicep-
tive effects both in mice in the tail withdrawal assay and in
those with chronic constriction injury. The novel peptide
was approximately 40-fold more potent and produced
longer-lasting effects. These results perfectly match previous
findings obtained comparing the supraspinal effects of
N/OFQ and PWT2-N/OFQ on food intake (Guerrini et al.,
2014) and locomotor activity (Rizzi etal., 2014). The
increase in agonist potency and longer-lasting effects of
PWT2-N/OFQ may likely derive from the lower susceptibility
to peptidase action that characterizes multi-branched pep-
tides, compared with free peptide sequences, as previously
demonstrated by Bracci etal. (2003). Another difference
between N/OFQ and PWT2-N/OFQ was the Kkinetics of
action. The onset of action of PWT2-N/OFQ was delayed
compared with that of N/OFQ, but the duration of action
was longer. Interestingly these in vivo differences parallel
those obtained in vitro when studying the action of the two
compounds in tissues where PWT2-N/OFQ mimicked
N/OFQ effects with slower kinetics and wash-resistant effects
(Guerrini etal.,, 2014). It is worthy to note that similar
results were obtained comparing the effects of substance P
and PWT2-substance P in bioassay studies (Ruzza etal.,
2014). Thus, slow kinetics of action and reduced sensitivity
to wash-out seems to be a common feature of PWT deriva-
tives that can possibly be related to their multivalent ligand
nature. Indeed, multivalent ligands may promote longer-
lasting target binding via different mechanisms (Gestwicki
etal., 2002) and this phenomenon can be important for
the prolongation of in vivo drug action (Vauquelin and
Charlton, 2010). Thus, lower susceptibility to peptidase
action associated with longer-lasting target binding may
synergize and explain the prolonged duration of action of
PWT derivatives, compared with free peptide sequences.
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Effects of SB-612111 (1 or 3 ug, i.t.) and naltrexone (3 ug, i.t.) oni.t.
PWT2-N/OFQ in mice with neuropathic pain. Antagonists were
given10 min before PWT2-N/OFQ. Behavioural responses were
measured 0.5 h after administration of PWT2-N/OFQ. SB-612111
attenuated the anti-allodynic effects of i.t. PWT2-N/OFQ in a dose-
dependent (Fp, 21y = 45.5; P < 0.05) manner. Each data point repre-
sents mean £ SEM (n = 8). *P < 0.05, significantly different from
vehicle controls.

Results of the antagonist studies with i.t. PWT2-N/OFQ
matched those previously obtained with N/OFQ (Rizzi et al.,
2007). Given i.t., PWT2-N/OFQ induced antinociception
which was fully blocked by the NOP receptor-selective
antagonist SB-612111 (Zaratin et al., 2004) while the classical
opioid receptor antagonist naltrexone was inactive. These
findings demonstrated that the antinociceptive effects of
PWT2-N/OFQ are due to selective activation of the NOP
receptor. This is corroborated by previous in vitro studies that
demonstrated high selectivity of PWT2-N/OFQ for NOP over
classical opioid receptors (Guerrini et al., 2014; Rizzi et al.,
2014) and, most importantly, by in vivo studies where i.c.v.
PWT2-N/OFQ inhibited motor activity in wild-type, but not
NOP receptor knockout mice (Rizzi et al., 2014).

Finally, i.t. N/OFQ produced robust antinociceptive
effects in non-human primates in the tail withdrawal assay, in
the dose range 10-100 nmol, and these effects lasted for 2.5 h
(Ko et al., 2006; Ko and Naughton, 2009). Under the same
experimental conditions, PWT2-N/OFQ mimicked the action
of the natural NOP receptor agonist, but was approximately
30-fold more potent. This ratio of potency is in line with the
present and the previous (Guerrini et al., 2014; Rizzi et al.,
2014) rodent studies. Moreover, statistically significant anti-
nociceptive effects were measured in response to i.t. PWT2-
N/OFQ even 24 h after injection. Thus, the duration of action
of the PWT derivative is approximately 10-fold longer than
that of the natural peptide (i.e. 24 vs. 2.5 h). To our knowl-
edge, PWT2-N/OFQ produces the longest duration of antino-
ciceptive effects in the non-human primate model, as
compared with the clinically used analgesic morphine (~4-
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Dose-response curves to i.t. PWT2-N/OFQ (0.3-3 nmol, panel A) in the monkey tail withdrawal assay. PWT2-N/OFQ induced a dose-dependent
(Fa,6) = 382; P < 0.05) and time-dependent (Fs16) = 55; P < 0.05) antinociceptive effect. (B) Data shown are scratching responses in a 15 min
observation period after i.t. PWT2-N/OFQ. Each data point represents mean = SEM (n = 3). *P < 0.05, significantly different from vehicle control,
from the first to the corresponding time point. Note that the zero- time point is a pretest value (see Methods).

6 h) or with experimentally developed compounds (~4-6 h)
(Ko et al., 2006; Hu et al., 2010; Molinari et al., 2013) .

The increase in duration of action provided by PWT was
greater in monkeys than in mice. It is known that peptide
degradation and peptidase activity is different between
rodents and primates (Liederer and Borchardt, 2005), which
may contribute to much longer duration of action for N/OFQ
and PWT2-N/OFQ in primates. In addition, future studies can
be integrated with MS to quantify the amount of PWT2-N/
OFQ at the 24 h time point following administration.
Although the analgesic effectiveness of NOP receptor agonists
in patients with neuropathic pain is unknown, these agonists
fully attenuated capsaicin-induced allodynia in monkeys (Ko
and Naughton, 2009; Hu et al., 2010). Capsaicin evokes pain
by activating the transient receptor potential vanilloid type 1,
which has been implicated in the transduction of diverse
pain modalities including diabetic neuropathy (Szolcsanyi
and Sandor, 2012). Given their full antiallodynic effects
against capsaicin (Hu et al., 2010), NOP receptor agonists
possess a promising clinical profile. More importantly, NOP
receptor agonists produce morphine-comparable antinocic-
eption across different pain models in monkeys without elic-
iting severe side effects (Lin and Ko, 2013). Given that itch is
a long-standing side effect associated with the use of i.t.
morphine (Cousins and Mather, 1984; Ganesh and Maxwell,
2007), lack of scratching in response to i.t. PWT2-NOFQ in
monkeys suggests that this compound as well as other NOP
receptor-selective agonists (Hu ef al., 2010) may have thera-
peutic potential as novel analgesics.

In summary, this study demonstrated that spinally
administered PWT2-N/OFQ inhibited nociceptive and neuro-
pathic pain in mice and monkeys. The PWT derivative was
more potent than the natural peptide and elicited prolonged
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effects that lasted for more than 24 h in non-human pri-
mates. In general, the present findings confirm and extend
previous results obtained with N/OFQ (Guerrini ef al., 2014;
Rizzi et al., 2014) and other peptides (Ruzza et al., 2014; 2015)
suggesting that the PWT approach can be successfully applied
to different peptides to generate novel ligands displaying the
same pharmacological activity and selectivity of action of the
natural sequence. In vivo, these display higher potency and
prolonged duration of action.
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