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Migraine is an extraordinarily common brain disorder for which treatment options continue to be limited. Agonists that
activate the §-opioid receptor may be promising for the treatment of migraine as they are highly effective for the treatment of
chronic rather than acute pain, do not induce hyperalgesia, have low abuse potential and have anxiolytic and antidepressant
properties. The aim of this study was to investigate the therapeutic potential of d-opioid receptor agonists for migraine by

characterizing their effects in mouse migraine models.

EXPERIMENTAL APPROACH

Mechanical hypersensitivity was assessed in mice treated with acute and chronic doses of nitroglycerin (NTG), a known
human migraine trigger. Conditioned place aversion to NTG was also measured as a model of migraine-associated negative
affect. In addition, we assessed evoked cortical spreading depression (CSD), an established model of migraine aura, in a

thinned skull preparation.

KEY RESULTS

NTG evoked acute and chronic mechanical and thermal hyperalgesia in mice, as well as conditioned place aversion. Three
different 3-opioid receptor agonists, SNC80, ARM390 and |NJ20788560, significantly reduced NTG-evoked hyperalgesia.
SNCB80 also abolished NTG-induced conditioned place aversion, suggesting that 3-opioid receptor activation may also alleviate
the negative emotional state associated with migraine. We also found that SNC80 significantly attenuated CSD, a model that

is considered predictive of migraine preventive therapies.

CONCLUSIONS AND IMPLICATIONS

These data show that 3-opioid receptor agonists modulate multiple basic mechanisms associated with migraine, indicating

that 8-opioid receptors are a promising therapeutic target for this disorder.

Abbreviations

ARM390, N,N-diethyl-4-(phenyl-piperidin-4-ylidenemethyl)-benzamide; CSD, cortical spreading depression;
JNJ20788560, 9-(8-azabicyclo[3.2.1]oct-3-ylidene)-9H-xanthene-3-carboxylic acid diethylamide; NTG, nitroglycerin;
SNC80, (+)-4-[(0R)-0-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethyl benzamide
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Introduction

Migraine is a highly prevalent neurological disorder
that affects over 800 million people worldwide (Stovner
etal., 2007; Bigal etal, 2008; Stewart etal., 2008;
Victor etal.,, 2010). The basic mechanisms underlying
migraine remain inadequately understood, and while avail-
able therapies are effective for some, there are a large
number of patients for whom current treatments are inef-
fective or poorly tolerated (Stovner et al., 2007; Bigal et al.,
2008).

Most opioid analgesics in common clinical use for
migraine and other pain conditions primarily target the
p-opioid receptor (receptor nomenclature follows Alexander
etal., 2013). However, these p-receptor agonists have rela-
tively poor efficacy as analgesics for migraine headache,
and can contribute to progression of migraine from an
episodic phenomenon to a frequent or daily condition
that is refractory to other therapies (Bigal and Lipton,
2008; Bigal etal, 2008). This ‘medication overuse
headache’ is a particularly difficult clinical problem and is a
common pathway to abuse of prescription p-opioid receptor
agonists.

The 3-opioid receptor agonists have markedly different
properties from those of the p-agonists. While compounds
that selectively activate d-opioid receptors have been found
to be less effective as analgesics in acute pain models, they
have shown efficacy in assays of chronic inflammatory
(Fraser et al., 2000; Cahill et al., 2003; Petrillo et al., 2003;
Pradhan etal.,, 2009; 2010) and neuropathic (Petrillo
etal.,, 2003; Kabli and Cahill, 2007; Gaveriaux-Ruff et al.,
2011) pain. In addition, &-agonists do not induce the
same types of adverse events as p-agonists, such as res-
piratory depression and constipation (Negus etal., 1994;
Gallantine and Meert, 2005). Further, we have shown that
unlike pharmacotherapies targeting the p-opioid receptor,
hyperalgesia does not occur following chronic administra-
tion with 8-agonists (Pradhan et al., 2010). As an additional
advantage, activation of the J-opioid receptor does not
appear to be highly rewarding, thus decreasing the abuse
potential of &-opioid receptor agonists. Finally &-opioid
receptors positively modulate emotional state. Genetic dele-
tion of either the &-opioid receptor or its endogenous
ligand, enkephalin, results in anxiogenic and depressive-like
behaviours (Konig etal., 1996; Filliol etal., 2000). Con-
versely, d-agonists produce anxiolytic and antidepressant
effects (Saitoh et al., 2004; Perrine et al., 2006). This emo-
tional modulation may be particularly important for the
treatment of migraine pain, as there is a high co-morbidity
of migraine with depression and anxiety (Silberstein
etal.,, 2007). Although their characteristics seem well
suited for treatment of migraine, §-agonists have not yet
been systematically investigated as a therapy for this
disorder.

The aim of this study was to investigate the potential of
d-opioid receptor agonists as anti-migraine therapies. We
found that 3-opioid receptor agonists given to mice modulate
several basic mechanisms associated with migraine, indicat-
ing that these receptors are a promising therapeutic target for
this disorder.
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Methods

Animals

All animal care and experimental procedures were approved
by the University Of California Los Angeles Office of Animal
Research, in accordance with AALAC guidelines. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath etal.,, 2010). All
efforts were made to minimize animal suffering, to reduce the
number of animals used and to utilize alternatives to in vivo
techniques, if available. A total of 225 animals were used in
the experiments described here.

We used male and female C57BL6/] mice (Jackson Labo-
ratories, Bar Harbor, ME, USA), and $-opioid receptor knock-
out mice (backcrossed onto a C57Bl6 background; Brigitte
Kieffer, IGMBC, Illkirch, France) weighing 20-30 g. Animals
were housed in a 12 h light-dark cycle, and food was avail-
able ad libitum. For experiments using &-opioid receptor
knockout mice, heterozygous pairs were bred to obtain wild-
type and knockout animals (Filliol et al., 2000).

Drug administration

Nitroglycerin (NTG) was prepared from a stock solution of
5.0 mg-mL™" NTG in 30% alcohol, 30% propylene glycol and
water (American Regent, Shirely, NY, USA). NTG was freshly
diluted in 0.9% saline to a dose of 10 mg-kg'. The vehicle used
in these experiments was 0.9% saline. We found that there was
no significant difference in mechanical thresholds between
0.9% saline and the solution in which NTG was dissolved
(6% propylene glycol, 6% alcohol, 0.9% saline). All injections
were administered as a 10 mL-kg™" volume. Unless otherwise
noted, animals were tested for baseline responses immediately
before i.p. injection with NTG. Animals were injected
i.p. with vehicle, SNC80 ((+)-4-[(aR)-0-((2S,5R)-4-allyl-2,5-
dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-diethyl ben-
zamide) or sumatriptan, or per os with vehicle, ARM390 (N,
N-diethyl-4-(phenyl-piperidin-4-ylidenemethyl)-benzamide)
or JNJ20788560 (9-(8-azabicyclo[3.2.1]oct-3-ylidene)-9H-
xanthene-3-carboxylic acid diethylamide), 1 h 15 min-1h
30 min following NTG injection and were tested for mechani-
cal or thermal sensitivity 30-45 min later (2 h post-NTG).

Sensory sensitivity testing

To determine mechanical sensitivity, the threshold for
responses to punctate mechanical stimuli (mechanical hyper-
algesia) was tested according to the up-and-down method
(Chaplan et al., 1994). In brief, the plantar surface of the
animal hindpaw was stimulated with a series of eight von
Frey filaments (bending force ranging from 0.008 to 2 g). A
response was defined as a lifting or shaking of the paw upon
stimulation. The first filament tested was 0.4 g. In the absence
of a response, a heavier filament (up) was tried, and in the
presence of a response, a lighter filament (down) was tested.
This pattern was followed for a maximum of four filaments
following the first response. To assess thermal responses, heat
sensitivity was assessed by immersing the tail (5 cm from the
tip) into a 46°C water bath. Tail withdrawal latencies were
determined, and a cut-off of 40 s was established. For all pain
experiments, groups were counterbalanced based on their
naive baselines (basal responses taken on day 1).



Conditioned place aversion

Independent groups of mice were trained for NTG-induced
place conditioning and tested either treatment-free or under
treatment effects (state dependency). We used a two-chamber
conditioned place paradigm, which is described in detail by
Tzschentke (2007). This consists of two identical Plexiglas
shuttle boxes divided into two distinct compartments. The
shuttle boxes consist of two large compartments separated by
a plastic guillotine door. The compartments differ in floor
texture (metal grated floors with a horizontal or vertical
pattern) and wall pattern (horizontal or vertical black and
white stripes). Live video tracking was used to collect data on
time spent in each chamber and analysed using Noldus Etho-
vision software (Leesburg, VA, USA).

NTG conditioning consisted of three phases. For the pre-
conditioning phase, on day 1, naive mice were allowed to
freely explore the apparatus for 15 min. Based on the results
of this preconditioning, the drug-paired chambers were
assigned in a counterbalanced and unbiased manner to saline
and NTG groups. During the conditioning phase, on days 2,
4, 6 and 8, animals were injected with saline and restricted to
one of the conditioning chambers 1 h 50 min to 2 h 10 min
post-injection. On days 3, 5, 7 and 9, mice were injected with
saline (VEH group) or 10 mg-kg™ i.p. NTG (NTG group), and
were restricted to the other conditioning chamber 1 h 50 min
to 2 h 10 min post-injection. For experiments where animals
received a second treatment of vehicle (0.9% saline) or SNC80
(10 mg-kg' SNC80 i.p.), these compounds were administered
35 min prior to the conditioning session. For the post-
conditioning test phase, on day 10, animals were allowed free
access to both chambers in a drug/hyperalgeisa-free state and
the time spent in each chamber was recorded (PAIN/DRUG-
FREE). On day 11, animals were given their assigned drug
treatments and given free access to the entire chamber as a
test of state-dependent aversion (STATE-DEPENDENT).

Cortical spreading depression
Mice were randomly assigned to treatment or control groups.
Each animal was transferred to the surgical area and weighed
prior to the start of the experiment. Gas mixture of 2:1 nitro-
gen to oxygen was used throughout the duration of the
experiment. Anaesthesia was induced with 5% isoflurane,
which was immediately lowered to ~2% for the placement
into the stereotaxic frame and the surgery. During recordings
of cortical spreading depression (CSD), isoflurane was main-
tained at ~1.5%. To insure anaesthesia level was stable, we
waited at least 1 h between the surgery and the start of the
experiment. Anaesthesia level was assessed throughout the
experiment by monitoring breathing rate (80 to 110 times per
minute) and response to tail pinch. Temperature was estab-
lished with the rectal probe and maintained at 37 + 0.7°C.
After induction of anaesthesia, the skin from the skull
was detached and a rectangular region of ~2.5 x 3.3 mm?
(~0.5 mm from sagittal, and ~1.4 from coronal and lamboid
sutures) of the right parietal bone was thinned to transpar-
ency with a micro drill (Fine Science Tools, Inc., Foster City,
CA, USA). To improve transparency, a thin layer of silicon oil
was applied over the skull. The brain was illuminated with a
green LED (540 nm). Images were captured with a resolution
of 1040 x 1392 at 1 Hz with a High-Sensitivity USB Mono-
chrome CCD Camera (Mightex Systems, Pleasanton, CA,
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USA) through a 4x objective (UPlanSApo; Olympus, Center
Valley, PA, USA).

The burr hole was placed outside of and lateral to the
midpoint of the thinned rectangular region. A MicroFil
syringe needle with 1 M KCI was placed into the burr hole,
avoiding contact with brain or bone. The initial drop of KCl
stimulation was formed by using a pneumatic pico-pump
with the pressure at ~20 psi. Afterward, even flow of KCI was
obtained using constant holding pressure of ~0.8 psi, to
maintain a pool of 1 M KCI for the duration of the experi-
ment. This resulted in a CSD frequency of 10-14 CSDs per
hour in control animals. Excess liquid was removed with
tissue paper applied next to the burr hole. The first CSD was
elicited within 80 s of the recording. At ~400 s, mice were
injected with either saline or saline plus SNC80 (10.0 mg-kg ™,
administered 1 mg-mL™ i.p.), and the recording was contin-
ued for an additional 3600 s, resulting in a total recording
duration of 4000 s. Experiments were included in analysis
only if at least two CSD events occurred during the first 400 s
(prior to administration of either saline or SNC80).

Data analysis

Data are expressed as mean + SEM. All statistical analyses were
performed by Sigmastat software (Systat Software Inc., San
Jose, CA, USA). For all acute pain experiments, one-way ANOVA
was performed. For mutant mouse experiments, a two-way
ANOVA was used, and for chronic pain experiments, a two-way
repeated measures ANOvA was performed. For conditioned
place aversion, CPA magnitude was defined as the difference
between time spent on the treatment-paired and vehicle-
paired sides on the test days, and a t-test was performed for
the NTG-induced CPA experiment, while a two-way ANOvA
was performed to determine the effect of -agonists on NTG-
induced CPA. Unless otherwise noted, all experiments were
further analysed using Holm-Sidak post hoc analysis.

Materials

The drugs used in these experiments were supplied as follows;
ARM390 provided by AstraZeneca R&D (Montreal, Canada);
isoflurane by Piramal Critical Care Inc (Bethlehem, PA);
JNJ20788560 provided by Johnson & Johnson (Spring House,
PA); SNC80 by Tocris (Bristol, UK); sumatriptan by Zogenix
(San Diego, CA)

Results

Mechanical and thermal hyperalgesia

induced by acute NTG is reversed by

selective o-agonists

NTG is a known migraine trigger in humans, and acute sys-
temic administration of NTG has been shown to produce
mechanical and heat hyperalgesia in mice that is inhibited
by the anti-migraine drug sumatriptan (Bates et al., 2010;
Pradhan et al., 2013). We first determined whether selective
d-agonists could reverse acute NTG-evoked hyperalgesia.
Two selective §-agonists were tested: SNC80 and ARM390.
Both compounds show similar receptor binding and G
protein activation properties, and produce comparable
anti-hyperalgesic effects in models of inflammatory pain.
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Figure 1

Acute treatment with NTG produced mechanical and thermal hyperalgesia, which was reversed by 8-opioid receptor agonists. In all cases, before
NTG (10 mg-kg™, i.p.) administration, baseline mechanical or thermal responses were determined (dashed lines and below mean + SEM).
8-Agonists were administered 1 h 15 min after NTG injection, and animals were tested 45 min later (2 h post-NTG). (A) The selective §-agonist,
SNC80, dose dependently reversed NTG-induced mechanical hyperalgesia. n = 8-10 per group, ***P < 0.001, signifcantly different from vehicle
controls, one-way ANovA. Naive baseline (1.30 + 0.12). At maximal doses, both SNC80 (10 mg-kg™), and another §-agonist, ARM390
(10 mg-kg™), produced comparable reversals of NTG-induced mechanical (B, naive baseline 1.36 + 0.09) and thermal hyperalgesia (C, naive
baseline 17.16 £ 0.59) n = 6 per group, *P < 0.05, ***P < 0.001; signifcantly different from vehicle controls, one-way anova. (D) Neither SNC80
nor ARM390 (10 mg-kg™") were effective in 3-opioid receptor knockout mice. n=4-5 per group, ***P < 0.001, two-way aNova. Naive baseline (1.2
+ 0.13). For mechanical responses, the Y axis indicates the 50% mechanical threshold to respond.

However, the two drugs produce distinct forms of analgesic intermittent administration of NTG. To model the progres-
tolerance, correlated with distinct receptor internalizing sion to chronic migraine, we administered NTG (10 mg-kg™,
properties (see Pradhan et al., 2009). i.p.) every second day for 9 days, resulting in a total of five
NTG (10 mg-kg', i.p.) produced marked mechanical NTG injections/test days. Each injection of NTG produced
hypersensitivity in mice compared with baseline responses marked mechanical hyperalgesia, as observed in the vehicle
(Figure 1A, vehicle — 0 mg-kg™! vs. dashed line), and SNC80 treated groups (Figure 2A and B). Both SNC80 and ARM390
dose dependently reversed this hyperalgesia (Figure 1A). In a inhibited the hyperalgesia that followed each dose of NTG
separate group of animals, a maximal doses of ARM390 (Figure 2A). There appeared to be tolerance to SNC80 and
(10 mg-kg™") also reversed NTG-induce mechanical hyper- ARM390 following day 1; however, this day appeared to be
algesia, comparable to the effect of SNC80 (10 mg-kg”, unusually high, and there was no significant difference of the
Figure 1B). In addition, systemic administration of NTG also effect of these compounds days 2-5. We also tested the novel
induced heat hyperalgesia (Figure 1C, VEH vs. dashed line), d-opioid receptor agonist, JNJ20788560 at a dose that was
which was also reversed by both SNC80 and ARM390 previously shown to inhibit CFA-induced hyperalgesia (Codd
(Figure 1C). We further examined the selectivity of both et al., 2009). As with the other two §-agonists, JNJ20788560
d-agonists in the NTG model, by testing §-opioid receptor significantly inhibited the NTG-evoked hyperalgesia
wild-type and knockout mice. We found that the effects of (Figure 2B). Similar results were observed in response to treat-
SNC80 and ARM390 in reversing NTG-induced mechanical ment with sumatriptan, a prototypic anti-migraine media-
hyperalgesia in wild-type mice were absent in the §-receptor tion (Figure 2C). These results indicate that J&-agonists
knockout animals (Figure 1D). In addition, the &-opioid maintain efficacy in reversing the effects of NTG, even with
receptor antagonist, naltrindole, blocked the anti- repeated administration.
hyperalgesic effects of SNC80 and ARM390 in wild-type mice
(Supporting Information Fig. S1). Thus, selective §-opioid 5 AgOI’liStS alleviate the aversive experience
receptor agonists reverse sensory hypersensitivity in the NTG induced by NTG

model of migraine pain. We tested the ability of SNC80 and ARM390 to alleviate the

aversive experience produced by NTG by using a conditioned

5—Op101d receptor agonists alleviate chronic place aversion paradigm. The concept underlying these
NTG-evoked hyper alges ia experiments is that if pain/discomfort is consistently paired
As with other types of pain, migraine can progress from an with a certain location, that location ultimately becomes
episodic to a chronic condition. We therefore examined the aversive.

effectiveness of repeated administration of §-opioid receptor We first determined whether NTG produced a condi-
agonists in the treatment of hyperalgesia evoked by chronic tioned place aversion. Animals were tested in a two-chamber
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Figure 2

Chronic NTG-evoked hyperalgesia is attenuated by &-opioid receptor agonists. C57BIl/6] mice were treated every second day with NTG
(10 mg-kg™, i.p.) for 9 days. NTG injection produced mechanical hyperalgesia (VEH), which was significantly attenuated by SNC80 and ARM390
(A, 10 mg-kg™), JNJ20788560 (B, 30 mg-kg™") and the anti-migraine drug, sumaptriptan (C, 600 ug-kg™"). n=5-11 per group, *P < 0.05, **P <
0.01, ***P < 0.001, two-way repeated measures aNova. Dashed lines represent mean basal responses as determined on day 1 (1.5 £ 0.10, 1.17
+0.08 and 1.11 + 0.14 for panels A, B and C respectively). The Y axis indicates the 50% mechanical threshold to respond.
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Figure 3

Chronic NTG produced conditioned place aversion, which was reversed by treatment with SNC80. Mice were tested following the conditioning
phase in a state-dependent test. (A) NTG treated animals showed a clear (left panel) and significant (right panel) conditioned place aversion n=
8 per group, ***P < 0.001, Student’s t-test. CPA magnitude was defined as the difference between time spent on the NTG-paired and VEH-paired
sides on the test days. (B) Animals were conditioned with vehicle-vehicle (V-V), vehicle-SNC80 (10 mg-kg™ i.p., V-S), NTG (10 mg-kg™, i.p.)
-vehicle (N-V) or NTG-SNC80 (10 mg-kg™', N-S). In a state-dependent test, NTG produced a significant conditioned place aversion, which was
reversed by SNC80 (right panel). n=8-9 per group, **P < 0.01, two-way anova. CPA magnitude was defined as the difference between time spent
on the treatment-paired and VEH-VEH-paired sides on the test days.

conditioning paradigm. On the preconditioning day, no sig- a state-dependent aversion within the conditioned place
nificant preference for either chamber was observed, and aversion paradigm.

mice were assigned to either NTG (10 mg kg™ i.p.) or vehicle We next tested if a §-agonist could reverse NTG-induced
treatment groups (Figure 3A left panel, PRECDT). Following aversion. Again, no initial preference was observed during the
the conditioning sessions, animals were tested in treatment/ preconditioning test (Figure 3B left panel, PRECDT). During
drug-free state, and neither an aversion nor preference was the conditioning period, animals were injected twice: first
observed following chronic NTG or vehicle treatment (Sup- with NTG or vehicle and 1.15 h later with SNC80 (10 mg-kg!
porting Information Fig. S2A). We then determined if an i.p.) or vehicle. During the treatment-free test, neither aver-
aversion could be observed during a state-dependent test. In sion nor preference was observed in any of the treatment
this case, animals were tested following treatment with either groups (Supporting Information Fig. S2B). However, during
NTG or vehicle, and given free access to both compartments. the state-dependent test, NTG animals subsequently treated
NTG-conditioned animals showed a significant aversion with vehicle showed a significant conditioned place aversion,
to the treatment-paired compartment during this state- which was not observed in mice treated with NTG followed
dependent test (Figure 3A, right panel). Thus, NTG produces by SNC80 (Figure 3B, right panel).

British Journal of Pharmacology (2014) 171 2375-2384 2379



A A Pradhan et al.

CSD is inhibited by a &-opioid

receptor agonist

To investigate the effects of §-opioid receptor agonists on
mechanisms of cortical excitability underlying migraine, we
quantified the effects of SNC80 on repetitive CSD evoked by
continuous application of KCl, a model that has previously
been shown to have predictive value for migraine preventive
medications (Ayata et al., 2006; Bogdanov et al., 2011). CSD
events were visualized as waves of optical intrinsic signals
emanating from the site of KCl application. In previous
studies, these were shown to be invariably associated with
electrophysiological changes consistent with CSD (Brennan
et al., 2007a,b; Chang et al., 2010). Either saline or SNC80
were injected 400 s after the initiation of KCl application, and
recordings were continued for an additional 3600 s. Neither
SNC80 nor saline resulted in any significant change in res-
piratory rate or pulse rate (consistent with previous studies).
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The number of CSD events before and after administration of
SNC80 was counted based on kymographs of optical intrinsic
signal and verified by evaluation of original video recordings.
The number of CSD events occurring in the 1 h time interval
following injection of SNC80 was significantly less than the
number of events that occurred in the same time period
following saline (Figure 4). We did not observe any signifi-
cant differences in the amplitude, duration, or propagation
rate of CSD events following SNC80 versus saline injection
(not shown). We also investigated if acute or chronic NTG
treatment altered the frequency of repetitive CSDs evoked by
continuous KCl stimulation. Previous studies indicated that
acute NTG did not alter the threshold for KCl-evoked stimu-
lation (Bates et al., 2010). Consistent with this result, we did
not observe any significant differences in the frequency of
CSD events in mice treated acutely with NTG or chronically
with NTG using the protocol described above (Supporting
Information Fig. S3).
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SNCB80 inhibits CSD. (A) The schematic drawing on the left indicates the window of thinned skull through which CSD was imaged and the location
of KCl injection. The image sequence on the right shows the wave of change in reflectance associated with a typical CSD event. (B) Data from
all imaging experiments showing the occurrence of CSD events over time. Each horizontal line represents the results from an individual mouse,
with CSD events indicated by the vertical bars. Either saline or SNC80 were injected i.p. at 400 s (indicated by vertical line), and the recording
was then continued for an additional 10 min. (C) Line tracings of reflectance versus time for typical individual experiments shown in B, with
injection of either saline or SNC80 at 400 s (indicated by arrow). Following injection of SNC80, there is a reduced number of CSD events as
compared with following injection of saline. (D) Graph shows the average number of CSD events over 10 min following injection of saline or
SNCB80. Treatment with SNC80 resulted in a significant reduction in the number of CSD events (P < 0.001, Student’s t-test).

2380 British Journal of Pharmacology (2014) 171 2375-2384



Discussion

Our results show that §-opioid receptor agonists are promis-
ing potential therapies for migraine. In an acute and chronic
model of migraine pain, SNC80 and ARM390 effectively
reversed hyperalgesia evoked by the known migraine trigger
NTG. In addition, SNC80 prevented NTG-induced condi-
tioned place aversion suggesting that §-agonists may also
have the potential to treat the negative emotional state
induced by migraine. Furthermore, in a well-established
model of migraine aura, SNC80 caused a decrease in the
number of CSD events, a characteristic shared with migraine
prophylactics. Together, these results make a strong case for
the development of d-agonists for the treatment of migraine.

Previous characterization of §-agonists show that they are
effective in many other models of chronic pain (Fraser et al.,
2000; Cahill et al., 2003; Petrillo et al., 2003; Kabli and Cahill,
2007; Pradhan et al., 2009; 2010), and do not produce opioid-
induced hyperalgesia (Pradhan efal.,, 2010). Furthermore,
8-opioid receptor activation positively modulates emotional
tone, and d-agonists are being tested clinically for the treat-
ment of anxiety and depression. Considering the high level
of co-morbidity between migraine and emotional disorders
(Merikangas et al., 1993; Breslau et al., 1994), 3-agonists may
be well positioned as novel migraine therapies.

NTG is a reliable migraine trigger in susceptible patients
(Christiansen et al., 1999; Afridi etal., 2005), and NTG-
evoked sensory hypersensitivity in rodents has been devel-
oped as a model for the cutaneous allodynia (Bates et al.,
2010; Pradhan et al., 2013), photophobia and vasodilation of
meningeal blood vessels (Greco et al., 2011; Markovics et al.,
2012) associated with migraine. In addition, in a transgenic
mouse model of familial migraine, mice expressing a human
migraine gene showed an even greater sensitivity to NTG-
evoked hyperalgesia (Brennan et al., 2013). Furthermore, the
prototypic anti-migraine drug, sumatriptan, was shown to
inhibit acute NTG-induced hyperalgesia (Bates et al., 2010;
Pradhan et al., 2013), and we further validated its effects in
our chronic NTG model. Similar to sumatriptan, three dis-
tinct 8-agonists SNC80, ARM390, and JNJ20788560, all inhib-
ited hyperalgesia evoked by acute and chronic intermittent
NTG administration. There is the possibility that the anti-
hyperalgesic effects of &-agonists may be mediated only
through the spinal cord and dorsal root ganglia. However,
d-opioid receptors are expressed in numerous supraspinal
regions within the pain matrix, including the trigeminal
nucleus caudalis, the amygdala and the cortex (Mansour
et al., 1988; Pradhan and Clarke, 2005; Pradhan et al., 2011),
indicating that these receptors can regulate pain processing at
a number of different levels. Importantly, the ability of
SNC80 to reduce NTG-induced conditioned place aversion
and CSD events suggest that §-agonists are acting on multiple
anatomical sites regulating migraine.

In this study, we tested agonists with differing abilities to
induce &-opioid receptor internalization (Pradhan etal.,
2009). Both the high-internalizing agonist (SNC80) and the
low internalizing agonist (ARM390) equally reduced hyperal-
gesia in a peripheral inflammatory pain model (Pradhan
et al., 2009; 2010), and our results show that this is also the
case in a model of migraine pain. These results would suggest
that the anti-hyperalgesic effects of §-agonists are due to
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G-protein-dependent signalling, and not to signalling
cascades activated following receptor sequestration. We
have also previously shown that repeated treatment with
d-agonists results in tolerance (Pradhan et al., 2010), which
would limit their use for chronic disorders. However, in those
experiments, SNC80 and ARM390 were administered daily
for 5 days. In this manuscript, animals were treated every
second day, and tolerance was attenuated. Although we
observed a drop in effectiveness following day 1, responses on
this day appeared to be unusually high, and there was no
significant decrease in drug effect on days 2-5. This differing
response could reflect experimenter or environmental factors
particular to that day, or habituation to the test apparatus
following the first treatment day. Further, we did not observe
tolerance to the §-agonist JNJ20788560. Overall, it appears
that giving the animals a 48 h drug-free period between injec-
tions may be sufficient to prevent adaptations that result
in tolerance to d-agonists. In addition, tolerance was not
observed to &-opioid receptor agonists following chronic
treatment within other behavioural paradigms (Brandt et al.,
2001; Petrillo et al., 2003; Beaudry et al., 2009; Codd et al.,
2009; Pradhan et al., 2010), indicating that both the drug, the
drug regimen and the disease model are important aspects to
consider in the development of §-agonists for chronic use.

We have also extended the characterization of the nocic-
eptive effects of NTG administration by demonstrating that it
conditions an aversive association from which an animal
learns to avoid associated contextual cues. Measurement of
the response evoked by heat or mechanical stimulation is a
commonly used pain model, but this type of measurement
does not consistently correlate with analgesic efficacy (Vierck
et al., 2008; King et al., 2009) nor does it capture the emo-
tional dysfunction that is characteristic of chronic pain states
(Merikangas et al., 1993; Breslau etal.,, 1994). The condi-
tioned place aversion assay is designed to address these issues
(Hummel et al., 2008). We found that mice showed signifi-
cant state-dependent place aversion following administration
of NTG. State-dependent learning refers to the facilitation of
a preference or aversion response during the time in which
the animal is in the same state that has been used to produce
the learned response (see (Tzschentke, 2007)). The §-agonist,
SNC80, abolished NTG-evoked place aversion. SNC80 alone
has been previously reported to produce conditioned place
preference (Longoni etal., 1998); or under other circum-
stances, conditioned taste aversion (Hutchinson et al., 2000).
In our study, however, SNC80 (vehicle-SNC80 group,
Figure 3) produced neither preference nor aversion, most
likely due to differences in experimental design. There is also
the possibility that the locomotor stimulant effect of SNC80
obscured the expression of conditioned place aversion to
NTG. However, previous work has shown that the locomotor
stimulants, morphine and cocaine, both showed enhanced
conditioned place preference in state-dependent tests
(Bespalov et al., 1999; Dockstader and van der Kooy, 2001;
Harris etal.,, 2001). Together with our results, this data
suggests that hyperlocomotion does not override state-
dependent learning and retrieval.

Multiple migraine preventive medications with diverse
pharmacological mechanisms have been shown to inhibit
CSD (Ayata et al., 2006). Other studies indicate that the CSD
model may only be predictive of medications effective in

British Journal of Pharmacology (2014) 171 2375-2384 2381



A A Pradhan et al.

migraine with aura, rather than migraine in general
(Bogdanov et al., 2011). The effects of SNC80 on CSD could
be the result of direct action in the cortex, on sub-cortical
modulators of cortical excitability, or both. §-Opioid recep-
tors are widely expressed in the cortex (Mansour et al., 1988;
Pradhan and Clarke, 2005; Pradhan et al., 2011), but their
cortical function is unclear. Enkephalins, endogenous ago-
nists at the d-opioid receptor, have been reported to have
both excitatory and inhibitory effects on cortical excitability
and CSD in rodents (Sprick et al., 1981; Oitzl et al., 1985).
Dual effects of §-agonists on cortical excitability could be
explained by direct inhibition of the cortex versus an indirect
excitation mediated by inhibition of either cortical or subcor-
tical inhibitory neurons. Regardless of the underlying mecha-
nism, the inhibition of CSD by SNC80 in our studies suggests
that d-agonists may have migraine preventive properties, in
addition to the acute therapeutic properties indicated by the
NTG models.

CSD and NTG-induced behaviours likely represent dis-
tinct migraine mechanisms. In this study, and in another
(Bates et al., 2010), NTG did not alter CSD measurements.
CSD is a well-established model of migraine aura, a condition
experienced only by a subset of migraineurs. NTG adminis-
tration to patients with migraine, even those who have
migraine with aura, does not typically induce aura. It is there-
fore not necessarily surprising that NTG does not alter CSD
propensity, and we suggest that NTG activates migraine pain
pathways through mechanisms that are distinct from
changes in cortical excitability that cause migraine aura.
Migraine is a multidimensional phenomenon that affects
multiple brain and peripheral regions (Chatrles, 2013).

u-Opioid receptor agonists such as codeine, hydrocodone,
oxycodone, meperidine and morphine, are commonly used
in North America as ‘rescue’ therapy for migraine (Bigal and
Lipton, 2009). In Europe and elsewhere in the world, the use
of p-agonists for migraine has been significantly curtailed
because of the recognition that these medications not only
have relatively poor efficacy as acute migraine therapies, but
that they also have significant abuse potential and can play a
role in progression of migraine to a chronic state (Evers et al.,
2009). In contrast to p-agonists, d-agonists do not produce
adverse effects such as respiratory suppression, sedation or
reduction in gastric motility (Gallantine and Meert, 2005; see
Pradhan et al., 2011). To date, there are no human studies
examining the abuse liability of 8-agonists. In non-human
primates, however, §-agonists appear to have low abuse liabil-
ity as SNC80 is not self-administered (Negus et al., 1998;
Stevenson et al., 2005) nor does it cause dependence (Brandt
et al., 2001). In addition, in a rodent model of abuse liability,
SNC80 did not alter intracranial self-stimulation responses
(Do Carmo et al., 2009). 3-Agonists are therefore an appealing
alternative to the p-agonists currently being used to treat
migraine.

There is a significant need for new acute and preventive
treatments for migraine, and there is an additional need for
better translational models to identify novel treatments.
Given the complexity and heterogeneity of migraine, it is
unlikely that any single model will adequately predict effi-
cacy of therapies. Our studies using several behavioural and
physiological models identify the &-opioid receptor as a
promising therapeutic target for migraine. Several §-opioid
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receptor compounds are currently in development for clinical
use and our results indicate that clinical trials of these com-
pounds are warranted for this highly prevalent and fre-
quently disabling condition.
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Figure S1 The anti-hyperalgesic effects of SNC80 and
ARM390 were blocked by the §-antagonist, naltrindole. NTG
(10 mg-kg' i.p.) was injected immediately after baseline
mechanical responses were determined (dashed lines, 1.07 £
0.11), and 15 min later mice were injected with vehicle (V) or
naltrindole (N, 10 mg-kg™ s.c.). SNC80 (S) or ARM390 (A)
(10 mg-kg") was administered 1h 15 min post-NTG and
mice were injected 45 min later. n = 4-6 mice per group, *P <
0.05, **P < 0.01, t-test with Bonferroni correction. SNC80 and
ARM390 are selective for the §-opioid receptor.

Figure $2 Chronic NTG did not produce a significant con-
dition place aversion in a treatment-free test. Mice were
tested following the conditioning phase treatment-free. (A) In
a treatment-free test, conditioning with vehicle or NTG
(10 mg-kg', i.p.) did not produce a significant change in %
time spent on the paired side (left panel) or conditioned place
aversion (CPA) magnitude (right panel). CPA magnitude was
defined as the difference between time spent on the NTG-
paired and VEH-paired sides on the test days. (B) In a
treatment-free test, conditioning with vehiclevehicle (V-V),
vehicle-SNC80 (10 mg-kg™! i.p., V-S), NTG (10 mg-kg™, i.p.)
-vehicle (N-V) or NTGSNC80 (10 mg-kg', N-S) did not
produce a significant change in % time spent on the paired
side (left panel) or CPA magnitude (right panel). CPA magni-
tude was defined as the difference between time spent on the
treatment-paired and VEH-VEH-paired sides on the test days.
Figure $3 Graph shows the average number of CSD events
over 10 min in saline-treated mice versus mice treated with
chronic nitroglycerin (10 mg-kg™ i.p.) over 9 days (as in
hyperalgesia assays) versus acute nitroglycerin (10 mg kg
i.p.) during an imaging experiment. There was no significant
difference between the number of CSD events under these
conditions.
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