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ABSTRACT: Selective activation of peripheral κ opioid
receptors (KORs) may overcome the dose-limiting adverse
effects of conventional opioid analgesics. We recently
developed a vicinal disulfide-stabilized class of peptides with
subnanomolar potency at the KOR. The aim of this study was
to assess the analgesic effects of one of these peptides, named
conorphin-1, in comparison with the prototypical KOR-
selective small molecule agonist U-50488, in several rodent pain models. Surprisingly, neither conorphin-1 nor U-50488 were
analgesic when delivered peripherally by intraplantar injection at local concentrations expected to fully activate the KOR at
cutaneous nerve endings. While U-50488 was analgesic when delivered at high local concentrations, this effect could not be
reversed by coadministration with the selective KOR antagonist ML190 or the nonselective opioid antagonist naloxone. Instead,
U-50488 likely mediated its peripheral analgesic effect through nonselective inhibition of voltage-gated sodium channels,
including peripheral sensory neuron isoforms NaV1.8 and NaV1.7. Our study suggests that targeting the KOR in peripheral
sensory nerve endings innervating the skin is not an alternative analgesic approach.
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Opioids such as morphine, oxycodone, and fentanyl remain
the most effective class of analgesics in clinical use

despite numerous troublesome adverse effects, including
respiratory depression, sedation, constipation, and psycholog-
ical dependence. These adverse effects are mostly attributed to
on-target μ opioid receptor (MOR) agonist effects. Accord-
ingly, significant efforts have been aimed at developing novel
opioid analgesics that selectively target the δ opioid receptor
(DOR) or κ opioid receptor (KOR). However, it soon became
apparent that selective centrally penetrating KOR agonists from
the arylacetamide class, including the lead compound U-50488
and its analogues spiradoline and enadoline, also produced
troublesome dose-limiting adverse effects including dysphoria,
sedation, and psychotomimetic effects attributed to activity at
central KOR.1,2 However, analgesia produced by systemically
administered but centrally permeating opioid agonists such as
morphine includes a substantial peripheral component
associated with opioid receptors expressed on the central
spinal terminals and peripheral terminals of the dorsal root
ganglion (DRG) neurons innervating the skin, joints, muscles
and internal organs.3−6 Accordingly, selective activation of
peripheral KORs has been pursued as an alternative strategy to
mediate analgesia while avoiding central side effects.
Peptide-based molecules are emerging as promising ther-

apeutics targeting peripheral pain pathways despite their
typically undesirable characteristics, such as the need for
administration by injection, their general inability to cross the

blood-brain barrier, and their relatively unfavorable pharmaco-
kinetics. However, peptides often display superior selectivity
and potency compared with small molecules, and disulfide-
bonded peptides can be surprisingly stable,7,8 making these
molecules promising alternative analgesics where exclusion
from the central nervous system is desirable.
We recently discovered a novel KOR selective conopeptide

and developed a vicinal disulfide-stabilized class of peptides that
activate KOR with subnanomolar potency without discernible
effect at MOR or DOR (unpublished experiments). Based on
their physicochemical properties, we predicted these peptides
might elicit KOR-mediated analgesia at receptors expressed on
peripheral sensory nerve endings without crossing the blood
brain barrier.9,10 Thus, the aim of this study was to evaluate the
analgesic efficacy of conorphin-1 (Figure 1) in comparison with
the prototypical KOR-selective small molecule agonist U-50488
in animal models of inflammatory and neuropathic pain after
intraplantar administration.

■ RESULTS AND DISCUSSION

Conorphin-1 and U-50488 Are Selective KOR Ago-
nists. Intraplantar administration of compounds is a preferred
route to assess the peripheral effects of small molecules and
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peptides. This method relies on the administration of
compounds by shallow subcutaneous injection in the footpad,
which achieves a well-defined local concentration at sensory
nerve endings, where the in vivo effect typically closely matches
its relevant in vitro potency.11−14 Thus, intraplantar injection
achieves administration of pharmacologically relevant concen-
trations of test compounds to sensory nerve endings, allowing
analgesic effects mediated via peripheral afferent fibers to be
directly assessed. Importantly, this approach can help dissect
on-target effects versus local high dose off-target effects while
minimizing systemic effects, especially for compounds able to
cross the blood-brain-barrier.
To establish pharmacologically relevant concentrations in

vivo, we assessed the ability of conorphin-1 and U-50488 to
inhibit forskolin-induced cAMP accumulation in HEK293 cells
stably expressing MOR, DOR, and KOR. Conorphin-1 had low
nanomolar agonist activity at KOR (pEC50 (M) 9.10 ± 0.07),
without significantly affecting MOR or DOR at concentrations
up to 1 μM (Figure 2a). U-50488 was found to be a similarly
potent and selective KOR agonist, with pEC50 (M) values of
8.60 ± 0.07, 5.82 ± 0.22, and 4.87 ± 0.12 at KOR, MOR, and
DOR, respectively (Figure 2b), in good agreement with
affinities previously determined by radioligand binding.15

Interestingly, U-50488 had partial agonist activity at MOR
(58.6 ± 4.8% cAMP inhibition) versus full agonist activity at
KOR and DOR.
In Vivo Analgesic Effect of Conorphin-1 and U-50488.

To assess the analgesic effect of peripherally administered KOR
agonists, we evaluated the antiallodynic and antihyperalgesic
effects of conorphin-1 and U-50488 in rodent models of
nociceptive (formalin-induced pain), inflammatory (Freund’s
Complete Adjuvant (FCA) and carrageenan-induced pain) and
neuropathic (cisplatin-induced) pain. We administered com-
pounds by shallow intraplantar administration using 200 nM

solutions, which based on our in vitro assays would maximally
activate KORs without significantly affecting MOR and DOR.
Surprisingly, neither conorphin-1 nor U-50488 affected Phase I
or Phase II of formalin-induced flinching when administered as
200 nM solutions by the intraplantar route, despite being
delivered at a concentration at least 100-fold above their
respective EC50s (Figure 3a,b).
While intraplantar administration allows control over the

maximum concentration of compounds delivered to sensory
nerve endings, systemic redistribution and local metabolism can
result in lower actual effective tissue concentrations. We thus
next assessed whether a significantly higher dose of conorphin-
1 and U-50488 would be able to affect formalin-induced pain
behaviors. Surprisingly, even when administered at a 1000-fold
higher concentration of 200 μM by local intraplantar injection,
conorphin-1 failed to affect formalin-induced pain. In contrast,
U-50488 at the same high dose was able to reverse Phase II of
formalin-induced pain (Phase II: Control, 224 ± 16; U-50488
(200 μM), 77 ± 20; P < 0.05; Figure 3b).
A similar pattern of activity was seen for FCA-induced

inflammation, where conorphin-1 at a high concentration (50
μM) had no significant effect on mechanical hyperalgesia,
whereas U-50488 elicited analgesia, albeit only at a concen-
tration of 11 mM (paw pressure thresholds: control, 69 ± 11 g;
conorphin-1 (50 μM), 72 ± 14 g; U-50488 (11 mM), 180 ± 23
g; P < 0.05; Figure 3c). In addition, mechanical allodynia in a
model of cisplatin-induced neuropathy11 was also not affected
by a high dose of conorphin-1 (paw withdrawal thresholds:
control, 2.2 ± 0.1 g; conorphin-1 (200 μM), 1.9 ± 0.1 g; Figure
3d). In a model of carrageenan-induced inflammatory pain,
intraplantar administration of conorphin-1 (200 μM) also did
not affect paw withdrawal latency in the Hargreaves test (Figure
3e; Control, 2.6 ± 0.4 s; conorphin-1 (200 μM), 2.9 ± 0.6 s) or
mechanical allodynia (Figure 3f; control, 1.5 ± 0.3 g;
conorphin-1 (200 μM), 1.8 ± 0.3 g). Systemic administration
of conorphin (2 mg/kg i.p.) also had no effect on heat allodynia
(contralateral control, 12.1 ± 0.8 s; ipsilateral control, 2.6 ± 0.4
s; ipsilateral conorphin-1 (2 mg/kg i.p), 4.1 ± 1.0 s).

The Analgesic Effects of U-50488 Are Not Mediated
through κ Opioid Receptor-Dependent Pain Pathways.
Although conorphin-1 and U-50488 have similar in vitro
functional activity at the KOR, only U-50488, administered at
doses likely to achieve local concentrations far exceeding the in
vitro EC50, was able to produce analgesia in the animal models
tested. We thus sought to explore the mechanisms by which U-

Figure 1. Chemical structure of the novel peptide KOR agonist
conorphin-1.

Figure 2. Inhibition of forskolin-induced cAMP accumulation by conorphin-1 and U-50488 in HEK293 cells stably expressing MOR, DOR, and
KOR. (a) Conorphin-1 had low nanomolar agonist activity at KOR (pEC50 (M) 9.10 ± 0.07), without significantly affecting MOR or DOR at
concentrations up to 1 μM. (b) U-50488 had similar potency and selectivity with pEC50 values (M) of 8.60 ± 0.07, 5.82 ± 0.22, and 4.87 ± 0.12 at
KOR, MOR, and DOR, respectively, with only partial agonist activity at MOR. Data are presented as mean ± SEM from at least three independent
experiments.
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50488 produces analgesia at higher doses by assessing the
ability of the selective KOR antagonist ML190 to reverse the
effect of U-50488. We first confirmed the selectivity of ML190
for KOR,16 which is maintained at concentrations up to 10 μM
(Figure 4a). However, the antinociceptive effect of U-50488
was not reversed by coadministration of ML190 at 10 μM or 10
μM of the nonselective opioid receptor antagonist naloxone
(Phase II: U-50488 (200 μM), 77 ± 20; U-50488 (200 μM) +
ML190 (10 μM), 80 ± 19; U-50488 (200 μM) + naloxone (10
μM), 81 ± 21), suggesting that the antinociceptive actions of
U-50488 at higher concentrations involve opioid-independent
pathways and are not generated through activation of
peripheral KORs (Figure 4b,c). Although U-50488 also
activates MOR at high concentrations, the lack of effect of
naloxone is not surprising given U-50488 inhibits NaV at these
concentrations and this activity would lead to sustained
analgesia in the presence of naloxone. We found similar results
in the FCA model in rats, where U-50488 at a concentration of
11 mM, the minimum required concentration to significantly
increase the paw pressure threshold, could not be reversed by
the selective KOR antagonist ML190 (paw pressure thresholds:

U-50488 (11 mM), 180 ± 23 g; U-50488 (11 mM) + ML190
(10 μM), 207 ± 24 g; Figure 4d).

U-50488 Inhibits Neuronal NaV Channels at Concen-
trations Relevant to Those Used to Elicit Analgesia in
Vivo. Structural similarity of U-50488 to local anesthetics, as
well as effects on neuronal sodium currents, have been
previously reported.17 However, the effect of U-50488 on
specific sodium channel isoforms has not been assessed to date.
We thus systematically evaluated the NaV subtype selectivity of
U-50488 at NaV1.1−NaV1.8 using a high-throughput
FLIPRTETRA membrane potential assay (Figure 5a). Consistent
with the structural similarity to local anesthetics, all NaV
isoforms assessed were inhibited by U-50488, although a
modest selectivity for NaV1.4 and NaV1.8 was observed (pIC50:
hNaV1.1, 4.38 ± 0.16; hNaV1.2, 4.88 ± 0.20; hNaV1.3, 4.49 ±
0.19; hNaV1.4, 5.26 ± 0.19; hNaV1.5, 4.37 ± 0.24; rNaV1.6,
4.38 ± 0.16; hNaV1.7, 4.27 ± 0.16; hNaV1.8, 5.07 ± 0.18;
Figure. 5b). We also assessed the effect of conorphin-1 and
found no inhibition at NaV1.1−1.8 at concentrations up to 1
μM (data not shown).
Analgesic effects of U-50488 after intraplantar administration

in FCA- and formalin-induced pain have been reported

Figure 3. Effects of U-50488 and conorphin-1 in rodent models of pain. (a) Time course of formalin-induced pain behavior. Coadministration of
conorphin-1 (200 nM) and U-50488 (200 nM) with formalin at a concentration expected to fully activate KOR had no effect on formalin-induced
pain behaviors. At a significantly higher concentration, conorphin-1 (200 μM) still had no effect, but U-50488 (200 μM) significantly reduced
formalin-induced pain behaviors. (b) Sum of pain behaviors in Phase I (0−10 min) and Phase II (10−45 min) of the formalin model. Only U-50488
(200 μM) significantly (p < 0.05; ANOVA with F = 10.35) reduced pain behaviors in Phase II of the formalin model, with no significant effect in
Phase I. (c) FCA-induced mechanical hyperalgesia (white bar, contralateral control; black bar, ipsilateral control). Intraplantar administration of
conorphin-1 (50 μM) had no effect on the PPT, whereas U-50488 at 11 mM, which was the minimum effective concentration, significantly increased
the PPT. (d) Cisplatin-induced mechanical allodynia (white bar, contralateral control; black bar, ipsilateral control). Intraplantar administration of
conorphin-1 (200 μM) had no effect on the PWT. (e) Carrageenan-induced heat allodynia (white bar, contralateral control; black bar, ipsilateral
control). Intraplantar administration of conorphin-1 (200 μM; gray bar) had no effect on the paw withdrawal latency to a radiant heat stimulus. (f)
Carrageenan-induced mechanical allodynia (white bar, contralateral control; black bar, ipsilateral control). Intraplantar administration of conorphin-1
(200 μM; gray bar) had no effect on the PWT. White bars represent baseline or uninjured controls; black bars represent control responses for
ipsilateral paws. Data are expressed as mean ± SEM; n = 3−8 animals per group. *p < 0.05 versus control group.
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previously,18−21 where administration of 5−100 μg of U-50488
(190 μM to 11 mM solutions) was analgesic after intraplantar
injection in the ipsilateral, but not the contralateral paw.19 Our
present results using similar doses of U-50488 confirmed these
observations; however, while this activity was previously
interpreted as analgesia mediated by peripheral rather than
central KOR, our results suggest that inhibition of NaV1.8 and
NaV1.7, key isoforms involved in mediating excitability of
peripheral nociceptors,22,23 likely explains the analgesic effect of
U-50488 rather than activity at KOR.

Our findings therefore raise important questions about the
role of peripheral KOR in pain. Although KORs are expressed
in peripheral sensory neurons and presumably their peripheral
projections innervating the skin and viscera, the contribution of
opioid receptors to somatosensation are unclear.24 Recently,
DOR expression in myelinated mechanoreceptors that form
Meissner corpuscles, Merkel cell−neurite complexes, and
circumferential hair follicle endings was reported to control
cutaneous mechanosensation.25 In contrast, MORs are ex-
pressed at the peripheral terminals of nociceptors, with
functional effects including decreased excitability of afferent

Figure 4. U-50488 mediates analgesia via KOR independent pathways. (a) ML190 is a selective KOR antagonist with minimal activity at MOR and
DOR up to 10 μM. (b) Time course of formalin-induced pain behavior and (c) sum of Phase II behaviors (10−45 min) in the formalin model.
Coadministration of the selective KOR antagonist ML190 (10 μM) and the nonselective opioid antagonist naloxone (10 μM) did not reverse the
analgesic effect of U-50488 (200 μM) in the formalin model. (d) FCA-induced mechanical hyperalgesia. Coadministration of the selective KOR
antagonist ML190 did not reverse the analgesic effect of U-50488 in the FCA-induced inflammatory model. Data are expressed as mean ± SEM; n =
3−8 animals per group.

Figure 5. NaV subtype selectivity of U-50488 assessed in HEK cells heterologously expressing NaV1.1−1.8 using membrane potential assays. (a)
Representative concentration−response curve of U-50488 at NaV1.1−1.8. (b) U-50488 inhibited all NaV subtypes, with modest selectivity for
hNaV1.4 (pIC50 (M) 5.26 ± 0.19) and hNaV1.8 (pIC50 (M) 5.07 ± 0.18), followed by hNaV1.2 (pIC50 (M) 4.88 ± 0.20) over the other subtypes
(pIC50 (M): hNaV1.1, 4.38 ± 0.16; hNaV1.3, 4.49 ± 0.19; hNaV1.5, 4.37 ± 0.24; rNaV1.6, 4.38 ± 0.16; hNaV1.7, 4.27 ± 0.16). Data are presented as
mean ± SEM from at least three independent experiments.
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fibers that is particularly apparent in inflammation.26−28

Similarly, KOR is expressed in small diameter dorsal root
ganglion neurons, but compared with MOR and DOR, the
functional effect of KOR activation in peripheral sensory nerve
terminals as well as the effect on neuronal excitability appear to
be limited.29 A role for peripheral KORs in pain has been
suggested based on studies assessing the antinociceptive effects
of KOR agonists such as U-50488 delivered locally.19,30,31 In
light of our results demonstrating significant nonopioid
antinociceptive effects of U-50488 mediated through inhibition
of NaV channels, this approach needs to be reconsidered. In
contrast, KOR is widely expressed throughout the central
nervous system and U-50488 as well as other KOR agonists
elicit potent antinociceptive effects when delivered by spinal or
supraspinal routes.32−35

While KOR is expressed in small DRGs, it is unclear whether
expression in the central or peripheral projections of these
neurons mediate analgesic effects. Our data show that activation
of KOR at peripheral nerve terminals innervating the skin does
not mediate analgesia, corroborating an important role of KOR
in spinal projections.
Interestingly, the selective tetrapeptide KOR agonist CR665

and the analogue CR845, currently being developed by Cara
Therapeutics, have been shown to reduce, rather than increase,
cutaneous pain thresholds in humans after local administration,
providing further evidence that activation of peripheral KOR
does not mediate analgesia.36 Although CR665 is analgesic in a
range of painful conditions, a lack of CNS penetration was only
inferred from the absence of inhibition of the tail flick test.37

However, without direct comparison to the effect of spinally
administered KOR-selective agonists in the tail flick assay, such
effects are difficult to quantify, particularly in light of evidence
suggesting that tetrapeptides can indeed cross the blood brain
barrier.38−40 In addition, the centrally penetrant U-50488 also
failed to affect the tail flick test41 after systemic administration,
highlighting the limitations of this approach to assess the ability
of compounds to cross the blood brain barrier. Recently, it was
suggested that KOR-mediated antinociception is a form of
stress-induced analgesia.45 We observed no alterations in
behavior after systemic administration of conorphin-1 (2 m/
kg i.p.) consistent with a relative inability of peptides to cross
the blood-brain barrier. Lastly, the lack of analgesic efficacy of
KOR-selective agonists in models of cutaneous pain is
consistent with studies in KOR knockout mice, where
behavioral deficits were only observed in the acetic acid
writhing test.42

One limitation of pharmacological studies is that translation
of in vitro findings to in vivo behaviors requires cautious
interpretation. Nonetheless, this caveat is not limited to the
current study as by necessity, pharmacological characterization
at isolated receptor systems is frequently performed in vitro.
Given that U-50488 is structurally and functionally similar to

local anesthetics and has similar analgesic activity in vivo, our
data support in vivo inhibition of NaV channels as a major
mechanism of action contributing to the analgesic effect of U-
50488. Thus, previous studies assessing the in vivo effects of U-
50488 may need to be viewed in light of these findings.
While it is possible that a short in vivo half-life contributes to

poor analgesic efficacy after systemic administration, metabolic
stability likely has little effect on analgesic efficacy after
intraplantar injection, as pain responses were assessed within
minutes of administration. In addition, conorphin-1 analogues
were effective in a model of chronic visceral hypersensitivity

(unpublished experiments), demonstrating that activity in
native tissue is consistent with the observed in vitro activity.
The lack of analgesic efficacy of conorphin-1 after intra-

plantar injection should be interpreted with particular reference
to the pain modalities tested as well as the local route of
administration. Activation of KOR in spinal pathways and
higher brain centers is clearly associated with analgesia, as
demonstrated by a number of publications assessing formalin-
induced pain after systemic administration of U-50488.32−35 In
contrast, our data show that pain modalities including
spontaneous pain, mechanical allodynia and hyperalgesia as
well as thermal allodynia are unaffected after intraplantar
administration of KOR-selective compounds.
In conclusion, our study provides evidence that targeting

KOR in peripheral sensory nerve endings innervating the skin
does not mediate analgesia in animal models of inflammatory
and neuropathic pain, and that any peripheral analgesic effects
of U-50488 are likely mediated through inhibition of NaV
channels.

■ METHODS
Materials. (±)-trans-U-50488 was obtained from Sigma-Aldrich

(Castle Hill, NSW, Australia). ML190 was obtained from Tocris
distributor Bio-Scientific Pty. Ltd. (Gymea, NSW, Australia).
Veratridine was obtained from Abcam (Melbourne, VIC, Australia).
All other reagents, unless otherwise stated, were obtained from Sigma-
Aldrich (Castle Hill, NSW, Australia).

Synthesis of Conorphin-1. Synthetic Strategy. The peptide
conorphin-1 was obtained via a medicinal chemistry program from a
conopeptide analogue (unpublished experiments). The KOR agonist
conorphin-1 was synthesized using Rink amide resin (0.05 mmol).
Assembly of conorphin-1 was performed using HBTU in situ
activation protocols43 to couple the Fmoc-protected amino acid or
unprotected acids to the resin (4 equiv excess). After chain assembly,
the peptide was cleaved from the resin at room temperature (RT) in
TFA/H2O/TIPS/EDT (87.5:5:5:2.5) for 3 h. Cold diethyl ether (30
mL) was then added to the filtered cleavage mixture, and the peptide
precipitated. The precipitate was collected by centrifugation and
subsequently washed with further cold diethyl ether to remove
scavengers. The final product was dissolved in 50% aqueous
acetonitrile and lyophilized to yield a white solid. The crude, reduced
peptide was examined by reversed-phase HPLC for purity and the
correct molecular weight of (MH+ = 977.2 amu) confirmed by
electrospray mass spectrometry (ESMS)

Disulfide Bond Formation. Pure, reduced conorphin-1 containing
only one pair of cysteine residues was oxidized by stirring at RT in
30% DMSO/5% HOAc (1 mg/mL) for 16 h. The solution was
subsequently diluted to a DMSO concentration of <5%, prior to RP-
HPLC purification and lyophilization.

HPLC Analysis and Purification. Analytical HPLC runs were
performed using a Shimadzu HPLC system LC10A with a dual
wavelength UV detector set at 214 and 254 nm. A reversed-phase C-18
column (Zorbax 300-SB C-18; 4.6 × 50 mm) with a flow rate of 2
mL/min was used. Gradient elution was performed with the following
buffer systems: A, 0.05% TFA in water and B, 0.043% TFA in 90%
acetonitrile in water, from 0% B to 80% B in 20 min. The crude
peptides were purified by semipreparative HPLC on a Shimadzu
HPLC system LC8A associated with a reversed-phase C-18 column
(Vydac C-18, 25 cm × 10 mm) running at a flow rate of 5 mL/min
with a 1% gradient of 0% B to 40% B. The purity of the final product
was evaluated by analytical HPLC (Zorbax 300SB C-18:4.6 × 100
mm) with a flow rate of 1 mL/min and a 1.5% gradient of B (5−25%).
The purity of synthesized conorphin-1 was 98.0%.

Electrospray Mass Spectrometry (ESMS). Electrospray mass
spectra were collected inline during analytical HPLC runs on an
Applied Biosystems API-150 spectrometer operating in the positive
ion mode with an OR of 20, Rng of 220 and Turbospray of 350°.
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Masses between 300 and 2200 amu were detected (Step 0.2 amu,
Dwell 0.3 ms).
In Vitro Activity at MOR, DOR, and KOR. HEK293 cell lines

stably expressing MOR, DOR, and KOR were a kind gift from Prof.
Maree T. Smith, The University of Queensland. Cells were cultured in
DMEM containing 10% v/v fetal bovine serum and 500 μg/mL G-418
(Invitrogen) and passaged every 3−5 days using 0.25% trypsin/EDTA.
For cAMP assays, cells were harvested using Versene (Invitrogen).
The Lance Ultra cAMP kit was used (PerkinElmer) to assess

activity at KOR and DOR. All kit components were prepared
according to the manufacturer’s specifications. Briefly, cells (1000
cells/well) were incubated at room temperature for 15 min with either
conorphin-1 or U-50488 before the addition of either buffer (control)
or forskolin (50 μM; Sapphire Bioscience). For quantification of
antagonist activity, ML190 and either U-50488 or SNC80 were
incubated at room temperature for 15 min before the addition of
either buffer (control) or forskolin (50 μM). The Eu-cAMP tracer and
Ulight-anti cAMP reagents were then added for 1 h at room
temperature before reading of the plate using the M1000 Pro
multilabel plate reader (Tecan).
An AlphaScreen cAMP assay was used to assess activity at MOR as

previously described.44 In brief, MOR-HEK293 cells (20 000 cells/
well) were resuspended in stimulation buffer containing forskolin (50
μM) and anti-cAMP acceptor beads (0.4 units/μL) and incubated with
opioid agonists and antagonists in an appropriate dilution series. After
30 min incubation under low-light conditions, streptavidin donor
beads (1 unit/25 μL) and biotinylated cAMP (1 unit/25 μL) were
added, and the cAMP signal was determined after 16 h incubation
using an EnSpire Multilabel reader (PerkinElmer, Waltham, MA).
In Vitro Activity at NaV Channels. NaV responses were assessed

in human embryonic kidney (HEK 293) cells heterologously
expressing hNaV1.1, hNaV1.2, hNaV1.3, hNaV1.4, hNaV1.5, hNaV1.6,
hNaV1.7, and hNaV1.8 (SB Drug Discovery, Glasgow, UK). Cells were
cultured in MEM containing 10% v/v fetal bovine serum
supplemented with L-glutamine 2 mM, the selection antibiotics G-
418, blasticidin (Invitrogen), and zeocin (Invitrogen) at varying
concentrations as recommended by the manufacturer, and passaged
every 3−4 days using 0.25% trypsin/EDTA. Cells were plated 48 h
before the assay on 384-well black walled imaging plates at a density of
10 000−15 000 cells/well and were loaded with red membrane
potential dye (Molecular Devices, Sunnyvale, CA) according to the
manufacturer’s instructions for 30 min at 37 °C. After addition of
varying concentrations of U-50488 or conorphin-1, cells were
incubated a further 5 min before stimulating NaV using veratridine
(60 μM, NaV1.1−NaV1.7) or deltamethrin (150 μM, NaV1.8).
Changes in membrane potential were assessed using the FLIPRTETRA

(Molecular Devices; excitation 515−545 nm, emission 565−625 nm)
every second for 300 s after adding agonists
Animals. For behavioral assessment, we used adult male C57BL/6J

mice or adult male Wistar rats aged 6−8 weeks. Animals were housed
in groups of 3−4 per cage, under 12 h light/dark cycles and had
standard rodent chow and water ad libitum.
Ethics Statement. Ethical approval for in vivo experiments in

animals was obtained from the University of Queensland animal ethics
committee. Experiments involving animals were conducted in
accordance with the Animal Care and Protection Regulation Qld
(2012), the Australian Code of Practice for the Care and Use of Animals
for Scientif ic Purposes, eighth edition (2013) and the International
Association for the Study of Pain Guidelines for the Use of Animals in
Research.
Behavioral Assessment. Formalin (formaldehyde 16% w/v,

Thermo Scientific, Australia) was diluted in saline to a 1% w/v
formaldehyde solution and was administered by shallow subcutaneous
(intraplantar) injection to the left hind paw of mice in a volume of 20
μL under light isoflurane anesthesia. The following agonists/
antagonists were coinjected with formalin: conorphin-1 (200 nM,
200 μM), U-50488 (200 nM), U-50488 (200 μM) ± ML190 (10 μM)
or naloxone (10 μM). Immediately after injection, mice were placed
individually into polyvinyl boxes (10 × 10 × 10 cm3) and spontaneous
pain was quantified by counting the number of paw lifts, licks, shakes,

and flinches by a blinded observer unaware of treatments received over
a 45 min period in 5 min intervals from video recordings. Phase I and
Phase II were defined as the cumulative pain behaviors that occurred
from 0−10 min and 10−45 min postinjection, respectively.

To induce inflammation, Freund’s Complete Adjuvant (FCA) was
administered by shallow subcutaneous injection to the left hind paw of
rats in a volume of 150 μL under light isoflurane anesthesia. After 4−6
days, rats were then administered conorphin-1 (50 μM) or U-50488
(11 mM) ± ML190 (10 μM) diluted in saline in a volume of 100 μL
by intraplantar injection. Nociceptive thresholds were evaluated using
an Analgesy-Meter (Ugo Basile, Italy) before and 15 min post
injection. Rats were gently restrained with a towel and subjected to
incremental increases in pressure (maximum 250 g) to the dorsal
surface of each hind paw. The pressure at which the rat withdrew the
hind paw, defined as the paw pressure threshold (PPT), was
determined by the mean of three consecutive measurements, separated
by at least 30 s.

To induce peripheral neuropathy, cisplatin (20 μg) was
administered to the left hind paw of mice in a volume of 20 μL
under light isoflurane anesthesia as previously described.11 After 2 h,
conorphin-1 (200 μM) was administered by intraplantar injection in a
volume of 20 μL and mechanical allodynia was assessed using an
electronic von Frey apparatus (MouseMet Electronic von Frey,
TopCat Metrology). Mice were habituated in individual mouse runs
for at least 10 min prior to testing. Pressure was applied to the left hind
paw through a soft-tipped probe and increased slowly at a force rise
rate of ∼1 g/s. The force that elicited paw withdrawal was determined
using the MouseMet Software. The test was repeated three times at 5
min intervals. The force that elicited paw withdrawal from each of the
three tests was averaged and designated as the paw-withdrawal
threshold (PWT). The investigators remained blinded throughout all
of the behavioral studies.

λ-Carrageenan (Sigma-Aldrich, Castle Hill, NSW) was dissolved in
saline to a 1% w/v solution (prepared 24 h prior) and administered by
intraplantar injection to the left hind paw of mice in a volume of 40 μL
under light isoflurane (3%) anesthesia. At 3 h postinjection of
carrageenan, conorphin-1 (200 μM) was administered by intraplantar
injection to the left hind paw in a volume of 20 μL, or by
intraperitoneal injection (2 mg/kg) in a volume of 10 μL/g. Mice were
then placed individually into polyvinyl boxes (10 × 10 × 10 cm3), after
previously being habituated for 1 h, and heat hyperalgesia was assessed
using the Hargreaves method (Plantar Analgesia Meter, IITC,
Woodland Hills, CA) 15 min post administration of conorphin-1.
The radiant heat light source was focused on the plantar surface of the
left hind paw and the time taken for the mouse to withdraw the paw
was recorded by a blinded investigator, with a cutoff of 20 s to prevent
tissue damage. The mean time to withdrawal was determined from the
average of three tests, separated by at least 1 min. Mechanical allodynia
was assessed as described above.

Data Analysis and Statistics. Data were plotted and analyzed by
GraphPad Prism, version 6.0. Statistical significance was defined as P <
0.05 and was determined by t test or one-way ANOVA analysis with
Dunnett’s post test. Data is expressed as the mean ± standard error of
the mean.
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