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ARTICLE INFO ABSTRACT

Keywords: Migraine is one of the most common pain disorders and causes disability in millions of people every year. Delta

Allodynia . opioid receptors (DOR) have been identified as a novel therapeutic target for migraine and other headache

;eadadle disorders disorders. DORs are present in both peripheral and central regions and it is unclear which receptor populations
ouse

regulate migraine-associated effects. The aim of this study was to determine if DOR expressed in peripheral
nociceptors regulates headache associated endpoints and the effect of delta agonists within these mouse models.
We used a conditional knockout, in which DOR was selectively deleted from Nav1.8 expressing cells. Nav1.8-
DOR mice and loxP control littermates were tested in models of chronic migraine-associated allodynia,
opioid-induced hyperalgesia, migraine-associated negative affect, and aura. Nav1.8-DOR and loxP mice had
comparable effect sizes in all of these models. The anti-allodynic effect of the DOR agonist, SNC80, was slightly
diminished in the nitroglycerin model of migraine. Intriguingly, in the OIH model the peripheral effects of SNC80
were completely lost in Nav1.8-DOR mice while the cephalic effects remained intact. Regardless of genotype,
SNC80 continued to inhibit conditioned place aversion associated with nitroglycerin and decreased cortical
spreading depression events associated with migraine aura. These results suggest that DOR in Nav1.8-expressing
nociceptors do not critically regulate the anti-migraine effects of delta agonist; and that brain-penetrant delta
agonists would be a more effective drug development strategy.

Cortical spreading depression

Introduction physiological correlate of migraine aura. Interestingly, repeated treat-

ment with the commonly used delta agonist, SNC80, produced limited

Migraine is one of most prevalent neurological disorders and a
leading cause of disability worldwide (Steiner et al., 2020; Vos et al.,
2020). While there have been many recent breakthroughs in new
migraine treatments (Ashina et al., 2021), many migraine patients find
current pharmacotherapies ineffective or poorly tolerated (Lipton et al.,
2019). The delta opioid receptor (DOR) has emerged as a promising
therapeutic target for migraine (Pradhan, 2014). Delta agonists are
effective in acute and chronic models of migraine-associated allodynia
(Pradhan, 2014; Moye et al., 2019; Dripps et al., 2020; Moye et al., 2021;
Bertels et al., 2021) and in models of other headache disorder including
medication overuse headache (MOH) and post-traumatic headache
(PTH) (Moye et al., 2019; Moye et al., 2019). In addition, delta agonists
significantly inhibit cortical spreading depression (CSD) (Pradhan,
2014; Dripps et al., 2020; Bertels et al., 2021), considered to be a

MOH or opioid induced hyperalgesia (OIH) relative to morphine or the
acute migraine therapy, sumatriptan (Moye et al., 2019). These studies
have resulted in the development of a delta agonist for migraine,
TRV250, which completed a Phase I clinical trial and showed high safety
and tolerability (Fossler et al., 2020).

How delta agonists produce anti-migraine effects is not entirely
clear. DORs are highly expressed in both the peripheral and central
nervous systems (Pradhan et al., 2011; Mansour et al., 1988). The tri-
geminovascular system plays a critical role in the regulation of migraine
(Goadsby et al., 2017). Neurons within the trigeminal ganglia innervate
the cerebral vasculature, dura, and facial skin (Edvinsson et al., 2020).
These neurons terminate in the trigeminal nucleus caudalis (TNC) which
sends projections to the thalamus, cortex, and reticular sites (Edvinsson
et al., 2020). A recent study examining the expression of DOR in the
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trigeminal complex showed that delta receptors were expressed in
neurons within trigeminal ganglia and TNC, and that these receptors
were upregulated in a model of chronic migraine-associated pain (Moye
et al., 2021). Rat and non-human primates also shows DOR expression
within neurons innervating the dura (Rice et al., 2017), and DOR is also
expressed in the TG and TNC of human post-mortem tissue (Mennicken
etal., 2003). However, DORs are also highly expressed in central regions
that regulate symptoms of headache/pain, including the somatosensory
cortex, hippocampus, and striatum (Pradhan et al., 2011; Mansour et al.,
1988). In one study, ablation of DOR from forebrain GABAergic neurons
resulted in the complete loss of anti-migraine effects of the delta agonis,
SNC80 (Dripps et al., 2020). It is therefore unclear what the specific
contribution of peripherally restricted delta receptors are in migraine.

The aim of this study was to investigate the role of delta opioid re-
ceptors in peripheral ganglia on migraine-associated behaviors. We used
a conditional knockout mouse in which delta opioid receptors were
selectively deleted from Nav1.8 expressing cells (Gaveriaux-Ruff et al.,
2011). Navl.8 is a voltage-gated sodium channel, that was previously
found to be expressed in > 90 % of peripheral nociceptors as well as a
number of mechanosensors (Shields et al., 2012). Initial characteriza-
tion showed that Nav1.8-DOR conditional knockout mice expressed ~
50-70 % less DOR in small to medium diameter neurons of dorsal root
ganglia compared to floxed controls (Gaveriaux-Ruff et al., 2011). In the
periphery, this knockout results in enhanced mechanical and cold allo-
dynia in response to inflammatory or neuropathic pain conditions.
Importantly, in peripheral models of pain induced by Complete Freund’s
Adjuvant (CFA) or spared nerve ligation (SNL) the anti-allodynic effects
of SNC80 are lost in Nav1.8-DOR mice (Gaveriaux-Ruff et al., 2011;
Nozaki, 2012). In the current study, we tested Nav1.8-DOR in models of
chronic migraine associated-pain, -negative affect, and -aura; as well as
in a model of opioid induced hyperalgesia (OIH). These models are
mechanistically distinct from the peripheral pain models previously
tested, and the results suggest that peripheral delta opioid receptors play
a less crucial role in headache disorders.

Methods
Animals

Mice, aged 8-12 weeks, were housed in a temperature and humidity-
controlled colony room with a 12 h light/dark cycle. Groups of mice
were housed together with a maximum of 5 animals/cage. Mouse cages
were made of clear polypropylene with corn cob bedding and food and
water were available ad libitum. A mixture of male and female mice were
used in all experiments. Nav1.8-DOR mice were provided by B. Kieffer
(McGill University). Littermate DOR loxP mice were used as controls. All
animal procedures were previously approved by the guidelines of the
University of Illinois at Chicago Animal Care Committee, which is
AAALAC approved. Behavioral tests were done in a randomized fashion
and all experimenters were blinded to the groups.

Materials

Drugs were administered in a volume of 10 mL/kg. SNC80 (Tocris
Bioscience, Pittsburgh, PA) was dissolved in 0.9 % saline with 2 ul of 1 M
HCI per mg SNC80. Nitroglycerin (NTG) was obtained as a 5 mg/mL
stock solution (30 % ethanol, 30 % propylene glycol in water; American
Regent, Shirley, NY) and diluted to 1 mg/mL in 0.9 % saline both drugs
were administered intraperitoneally (IP). Morphine (Hospira Inc,
Lakeforest, IL) was diluted in 0.9 % saline and administered subcuta-
neously (SC).

Quantitative RT-PCR

Procedures used in this study follow those described previously
(Dripps et al., 2020; Ben Aissa et al., 2018). Briefly, RNA was isolated
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from flash frozen tissue brain punches or whole trigeminal ganglia. A
RNeasy Mini kit from Qiagen was used throughout this procedure and
the accompanying protocol was followed. RNA samples were reverse
transcribed to single-stranded cDNA. c¢DNA transcription was used
following the protocol from Superscript III (Life Technologies) and the
TagMan Gene Expression Assay System (Applied Biosystems). To
confirm quality of the RNA sample, we always ran a gbit assay to
determine the amount and quality of RNA and monitored the melt
curves of the qPCR to ensure regular PCR events. Glyceraldehyde-3-
phosphate dehydrogenase was used as the control housekeeping gene
(GAPDH-5'-CAA TGT GTC CGT CGT GGA TCT-3' 5'-GTC CTC AGT GTA
GCC CAA GATG-3'). ORPD1 was the gene of interest ('-GCT CGT CAT
GTT TGG CAT C-3' 5'-AAG TAC TTG GCG CTC TGG AA-3'). Threshold
cycle (CT) of the ORPD1 gene was determined and compared to the
housekeeping gene of the same sample to calculate difference (ACT).
The fold change (2-AACT) for each was calculated relative to the median
ACT from the loxP control littermates. We did not observe any difference
in GAPDH cycle number between loxP and Nav1.8-DOR mice in any of
the regions tested (TG: loxP 19.27 + 0.64, Nav1.8 18.59 + 0.31; TNC:
loxP 18.02 + 0.5, Nav1.8 18.51 + 0.41; STR loxP 19.66 + 033, Nav1.8
19.63 + 0.2).

Mechanical sensitivity testing

Mechanical responses were determined as described previously
(Dripps et al., 2020; Pradhan et al., 2014). Mice were habituated to the
testing rack 1-2 h a day for 2 days prior to testing. For cephalic mea-
surements, mice were also habituated in a 4 oz paper cup placed in the
testing box. The up-and-down method was utilized to determine
response to acute mechanical stimuli. For cephalic measurements, the
periorbital region caudal to the eyes near the midline of the head was
stimulated, while the plantar surface of the left hindpaw was tested for
all peripheral measurements. A series of 8 manual von Frey filaments
ranging from 0.008 to 2 g were used in these experiments. Cephalic
responses were characterized as repeated shaking or ducking of the
head, vigorous grooming, or biting at the instrument. Hindpaw re-
sponses were characterized as lifting, shaking, or biting of the stimulated
paw following bending of the filament.

NTG induced migraine model

NTG was administered as previously described (Pradhan et al.,
2014). NTG was administered every other day for 9 days (days 1,3,5,7,
and 9). Basal mechanical thresholds were assessed prior to NTG injec-
tion, and post-treatment responses 2 h post-NTG. For hindpaw responses
mice were tested every day of NTG/VEH treatment. For cephalic re-
sponses they were only tested on days 1,5, and 9.

Opioid induced hyperalgesia

To establish OIH mice were injected SC twice daily with vehicle or
morphine (20 mg/kg/injection days 1-3 and 40 mg/kg/injection day 4)
(Dripps et al., 2020; Moye et al., 2019). Injections occurred at 9AM and
5PM. Periorbital mechanical thresholds were assessed prior to the first
morphine injection on days 1 and 3. On day 5, basal thresholds were
measured in the AM prior to injection of SNC80 or vehicle. Mechanical
thresholds were assessed again 45 min post-SNC80. On day 8, hindpaw
hypersensitivity was measured according to the same protocol as day 5.
Individual mice received the same drug regimen on days 5 and 8, and no
drug was given days 6 and 7.

Conditioned place aversion (CPA)
We used a 2-chamber conditioning paradigm. The conditioning

apparatus was comprised of two equal dimensioned compartments with
a guillotine door separating the two halves. The floor textures and wall
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designs of each compartment were distinct to differentiate between the
two sides. Live video tracking was collected using a DMK 22AUC03 USB
2.0 monochrome industrial camera (The Imaging Source, Charlotte,
NQC), and analyzed using ANY-Maze software (Stoelting, Wood Dale, IL).
CPA experiments were conducted over 4 days. Day one was the pre-
conditioning day in which mice were randomly placed in one of the two
compartments and allowed to freely explore for 20 min. A biased design
was used such that the test compounds were given in the preferred
compartments. Day two was the conditioning day which consisted of
two sessions. In the first session, mice received saline injections
1h15min apart. Thirty minutes after the second saline injection mice
were confined to the non-preferred chamber for 30 min. In the second
session, mice received injections of NTG (10 mg/kg, IP) or vehicle and
1h15min after administration they received SNC80 (5 mg/kg, IP) or
vehicle. Thirty minutes following SNC80 mice were placed in their
preferred chamber for 30 min (1:45-2:15 time post NTG). On day 3 a
state independent test was conducted in which mice were allowed to
freely move around both compartments for 20 min drug/treatment free.
Preference scores were calculated through time spent in the conditioned
chamber on the test day minus the time spent in the same chamber on
the pre-conditioning day.

Cortical spreading depression

The procedure we used in this study was based on previous work
(Dripps et al., 2020; Bertels et al., 2021; Bertels et al., 2021). Mice were
anesthetized with isoflurane (induction 3-4 %; maintenance 0.75 to
1.25 %; in 67 % N3 / 33 % O-) and placed in a stereotaxic frame on a
homeothermic heating pad. Core temperature, non-peripheral oxygen
saturation, heart rate, and respiratory rate were continually monitored
(PhysioSuite; Kent Scientific Instrument’s, Torrington, CT, USA). To
ensure proper anesthetic depth mice were regularly given tail and
hindpaw pinches. CSD events were verified through both optical
intrinsic imaging (OIS) and local field potential recordings (Pradhan,
2014; Dripps et al., 2020). Following induction the scalp was opened, a
small area of the skull was thinned to make a cortical window (~0.5 mm
from sagittal, and ~ 1.4 from coronal and lambdoid sutures), and
mineral oil was applied to allow for greater visualization. A green LED
(530 nm) light was used to illuminate the skull throughout the CSD
experiment. For imaging, a camera and lens (HR Plan Apo 0.5 A~ WD
136) through a 515LP emission filter on a Nikon SMZ 1500 stereomi-
croscope (Nikon Instruments, Melville, NY, USA) were used. Images
were acquired at 1-5 Hz using a high-sensitivity USB monochrome CCD
camera (CCE-B013-U; Mightex, Pleasanton, CA, USA) with 4.65-um
square pixels and 1392-1040 pixel resolution. Two burr holes were
drilled lateral to the window. These burr holes were deeper than the
previously thinned skull region, such that the dura was exposed but was
not damaged. In the caudal burr hole a pulled glass pipette filled with
saline was inserted to record local field potentials (LFP). This electrode
was connected to a ground wire placed underneath the skin, caudal to
the skull, which was then connected to an amplifier. Following insertion
of the electrode an hour of background activity was recorded and
monitored. This allowed stabilization in the event that a CSD occurred
during surgery. Baselines were recorded for an hour after which a glass
pipette filled with 1 M KCI was placed into the rostral burr hole such that
it was not in direct contact with the skull or brain tissue. An initial drop
of KCI was formed and then an even flow of KCl was maintained, but
closely monitored to prevent overflow. After 400 s from the initial KCl
drip mice were injected with vehicle or SNC80 (10 mk/kg, IP) and
recorded for 1 h. Only mice that showed at least 2 CSDs in the first 400 s
were included in the analysis. Video and subsequent LFP recordings
were used to confirm CSD counts.

Data analysis

All values in the text are reported as mean + SEM. All data and
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statistical analysis were performed using GraphPad Prism. The level of
significance (o) for all tests was set to 0.05. Post-hoc analysis was con-
ducted using the Holm Sidak post-hoc analysis to correct for multiple
comparisons. Post-hoc analysis was only performed when a significant
interaction occurred (F values achieved p < 0.05). Experiments were
designed to have an equal n/group. However, groups were sometimes
slightly unequal to accommodate for using all animals in a litter. Sta-
tistical analysis for each figure is reported in the figure legend. The
following number of mice were used in each experiment: qPCR: 32,
NTG: 79, OIH: 66, CPA: 85, CSD: 25.

Results

Nav1.8 conditional knockout reduces delta receptor expression in
trigeminal ganglia

Conditional knockout of DOR from peripheral nociceptors was ach-
ieved by crossing floxed DOR mice with a Nav1.8-Cre line, as was pre-
viously described (Gaveriaux-Ruff et al.,, 2011). As we were
investigating the role of delta receptors in headache disorders, we
examined the effect of Nav1.8-DOR on delta receptors in trigeminal
ganglia (TG), trigeminal nucleus caudalis (TNC), and we used the
striatum as a control region. We compared Nav1.8-DOR and littermate
floxed controls. We observed a ~ 50 % decrease in Oprd] mRNA in
peripheral trigeminal ganglia of Nav1.8-DOR mice relative to controls
(Fig. 1A). In contrast, there was no significant difference in Oprdl
expression in the TNC or striatum of Nav1.8-DOR mice compared to loxP
(Fig. 1 B,C). These results confirm that Nav1.8-DOR showed a condi-
tional knockout of delta receptors from primarily peripheral sensory
neurons, similar to a previously published report (Gaveriaux-Ruff et al.,
2011).

Nay1.8-DOR knockout does not alter responding in a model of chronic
migraine-associated pain

We have previously shown that in wildtype and in DOR loxp mice,
SNC8O0 effectively inhibited acute and chronic allodynia induced by NTG
(Dripps et al., 2020; Moye et al., 2019; Pradhan et al., 2009; Pradhan
et al., 2014; Moye, 2021). We next determined if knockout of delta re-
ceptors from Navl.8 expressing cells affected NTG-induced allodynia
and the anti-allodynic effects of the delta agonist, SNC80, in this model.
Mice were treated in an established model of chronic migraine (Pradhan
et al., 2014) which uses the known human migraine trigger nitroglycerin
(NTG) (Ashina et al., 2017). Mice were injected with vehicle or NTG (10
mg/kg IP) every other day for 9 days (Fig. 2A). Separate groups of mice
were tested for cephalic (periorbital) and peripheral (hindpaw) re-
sponses. On test days mice were assessed before NTG administration
(basal responses) and 2 h post-injection (post-treatment responses). Both
Nav1.8-DOR mice and loxP littermate controls developed periorbital
allodynia to similar degrees in response to acute and chronic adminis-
tration of 10 mg/kg NTG (Fig. 2B, clear symbols). Treatment with 10
mg/kg SNC80 prevented the development of basal periorbital allodynia
following chronic intermittent NTG in both genotypes (Fig. 2B, filled
symbols). This cephalic effect of SNC80 appears to be partially dimin-
ished in the Nav1.8-DOR knockout mice, however this difference was
not statistically significant. When measured 2 h after NTG administra-
tion, SNC80 inhibited acute NTG-induced allodynia similarly in both
genotypes (Fig. 2C). In the hindpaw, chronic NTG also produced sig-
nificant chronic allodynia (Fig. 2D, clear symbols), which was inhibited
by SNC80 in both genotypes (Fig. 2D, filled symbols). At the 2 h time-
point post-NTG, SNC80 also inhibited acute peripheral allodynia
induced by NTG (Fig. 2E), but statistical analysis revealed that this effect
was significantly diminished in Nav1.8-DOR mice, relative to loxP
controls. These data demonstrate that DOR in Nav1.8 cells do not affect
the development or severity of NTG-induced allodynia; and that this
conditional knockout results in a small decrease in the peripheral anti-
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Fig. 1. Expression of delta receptors in Nav1.8-DOR conditional knockout mice. Quantitative RT-PCR was performed on tissue from the (A) trigeminal ganglia, (B)
trigeminal nucleus caudalis, and (C) striatum. Tissue was taken from adult Nav1.8-DOR mice and loxP litter mate controls. Corrected t-tests showed a significant
reduction of Oprd1 only in trigeminal ganglia (***p < 0.001). n = 6-10/genotype.
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Fig. 2. Role of peripheral DOR in NTG-induced allodynia. (A) Experimental design — All mice were injected with NTG (10 mg/kg IP), and 1h15min later with vehicle
or SNC80 (10 mg/kg IP), every other day for 9 days. Separate groups of mice were used to determine periorbital (B,C) or hindpaw (D,E) responses. Cephalic responses
were tested on days 1,5, and 9 (ovals), and peripheral testing occurred on each treatment day (shading). Mechanical thresholds were determine before NTG
administration (Basal Responses; B,D), and 2 h post-NTG (Post-treatment Responses; C,E). (B) Administration of NTG produced robust chronic periorbital allodynia
by day 5 in the loxP group that was not present in the SNC80 treated group. Three-way ANOVA revealed significant effects of time (p < 0.001), treatment (p <
0.001), timeXtreatment (p < 0.001), and timeXgenotype (p = 0.03). There was also a trend for a genotypeXtreatment effect (p = 0.069). (C) Post-treatment measures
2 h after NTG/45 min after SNC80 revealed that SNC80 inhibited the acute cephalic allodynic effects of NTG in Nav1.8-DOR mice and loxP controls. Three-way
repeated measured ANOVA, significant effect of treatment (p < 0.001), n = 6/group. (D) NTG produced chronic peripheral allodynia in both groups of mice
despite genotype that was inhibited by administration of SNC80. Three-way repeated measures ANOVA, significant effects of time (p < 0.001), genotype (p = 0.042),
treatment (p < 0.001), and interaction of timeXtreatment (p < 0.001) n = 7-9. (E) NTG produced significant acute hindpaw allodynia, and the inhibitory effects of
SNC80 were partially lost in Nav1.8-DOR. Three-way repeated measures ANOVA, significant effect of genotype (p = 0.004), treatment (p < 0.001), and genoty-
peXtreatment (p = 0.001). n = 7-9/group.
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allodynic effects of SNC80 in this migraine model.

Nav1.8-DOR show altered responding in peripheral but not cephalic
endpoints associated with opioid induced hyperalgesia.

We have previously shown that SNC80 can block both peripheral and
cephalic endpoints in a model of opioid induced hyperalgesia (OIH)
(Moye et al., 2019). We next tested the effect of Nav1.8-DOR within this
paradigm. Mice were treated SC twice daily with vehicle or 20 mg/kg/
injection morphine on days 1-3 and 40 mg/kg/injection on day 4
(Fig. 3A). Mice were tested for cephalic responses on days 1 and 3 of the
morphine paradigm treatment. On days 5 and 8 mice were administered
SNC80 and had cephalic (Day 5) and hindpaw (Day 8) responses
assessed. Chronic morphine produced significant cephalic allodynia in
both Nav1.8-DOR and loxP controls (Fig. 3B, day 3), and this allodynia
was still present 15-18 h following the final morphine injection (Fig. 3B,
day 5). On day 5 mice were challenged with either vehicle or SNC80 (5
mg/kg, IP) and cephalic responses were determined 45 min later. SNC80
significantly reversed cephalic allodynia induced by chronic morphine,
regardless of genotype (Fig. 3C). The same cohort of mice were chal-
lenged with vehicle or SNC80 on day 8 (4 days after the final morphine
treatment), and peripheral/hindpaw responses were determined. At this
time point mice previously treated with morphine continued to show
allodynia (Fig. 3D, morphine-vehicle). SNC80 significantly reversed this
peripheral allodynia in loxp mice. However, SNC80 had no effect in the
Nav1.8-DOR mice when tested in the hindpaw. These data suggest that
in a model of OIH, peripheral DOR are necessary for the peripheral anti-
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allodynic effects of DOR agonist but not the cephalic effects.

Nav1.8-DOR do not show altered responses in a model of migraine-
associated negative affect

SNC80 was previously found to block conditioned place aversion
(CPA) induced by NTG (Pradhan, 2014; Dripps et al., 2020). We sought
to determine if this effect was affected by knockout of delta receptors
from Nav1.8 expressing cells (Fig. 4A). In both loxP controls and Nav1.8-
DOR, conditioning with 10 mg/kg NTG produced a robust place aver-
sion that was blocked by treatment with 5 mg/kg SNC80 (Fig. 4B). In
addition, SNC80 in the absence of NTG did not cause any preference in
either genotype. These results demonstrate that DOR in peripheral
Nav1.8 expressing cells are not necessary for regulating the negative
affective state induced by NTG, or the alleviating effects of delta agonist
in this model.

Nav1.8-DOR do not show altered responses in cortical spreading
depression, a model of migraine aura.

The ability for substances to reduce the number of cortical spreading
depression (CSD) events has been used as an effective method for pre-
dicting migraine preventive medications (Ayata et al., 2006; Bogdanov
et al., 2016). DOR agonists, including SNC80, have been shown to
reduce CSD events (Pradhan, 2014; Bertels et al., 2021). We next
determined if knockout of DOR from Nav1l.8 expressing cells altered
CSD. We triggered CSD events by applying a constant amount of
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Fig. 3. Chronic opioid administration produced allodynia that was reversed by SNC80 in cephalic but not hindpaw regions in Nav1.8-DOR mice. (A) Animals were
treated twice daily for 4 days with Vehicle or Morphine (20 mg/kg SC/injection on days 1-3 and 40 mg/kg SC /injection on day 4). Mice were subsequently tested for
mechanical allodynia on days 1, 3, and 5 for cephalic responses and on day 8 for hindpaw responses. (B) Morphine induced cephalic allodynia in both genotypes.
Three-way repeated measures ANOVA, significant effect of time (p < 0.001), drug (p < 0.001), and timeXdrug interaction (p < 0.001). (C) Morphine produced
significant cephalic allodynia that was reversed by treatment with SNC80 in both genotypes. Three-way ANOVA, significant effect of treatment (p < 0.001), drug (p
< 0.001), and treatmentXdrug interaction (p < 0.001). (D) Morphine-induced allodynia was still observed in both genotypes on day 8 in the hindpaw, and this
allodynia was reversed by SNC80 in only the loxP mice. Three-way ANOVA, significant effect of genotype (p = 0.002), treatment (p < 0.001), drug (p < 0.001),

genotypeXdrug (p < 0.001), treatmentxdrug (p < 0.001), and genotypextreatmentxdrug (p < 0.001).

+++ relative to loxP (morphine-SNC80 groups). n = 7-10 mice/group.

*p < 0.001 relative to mice treated with vehicle for 4 days;
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Fig. 4. Role of peripheral delta receptors in NTG-induced CPA. (A) Mice freely explored both chambers during the pre-conditioning phase (day 1). On day 2, mice
were conditioned to the preferred side with NTG or Vehicle and SNC80 or Vehicle. On day 3 mice were tested and allowed to freely explore both chambers. (B)
Conditioning with 10 mg/kg NTG (IP) produced CPA in all genotypes. Conditioning with SNC80 (5 mg/kg IP) alone produced no significant preference or aversion,
but when paired with NTG, SNC80 inhibited NTG induced CPA. Three-way ANOVA, significant effect of treatment (NTG/VEH; p < 0.01), drug (p < 0.001) and

treatmentxdrug interaction (p < 0.001). n = 8-12/group.
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Fig. 5. SNC80 maintains its ability to reduce CSD events despite knockout of delta receptors from Nav1.8 cells. (A) Schematic of CSD induction. A thinned skull
preparation was used. Two burr holes were drilled for KCl administration or local field potential (LFP) recording . (B) Schematic montage of what a CSD wave looks
like as it passes across the cortex (C) Representative line tracing showing CSD events over an hour recording with Vehicle or SNC80 administration at 400 s. (D)
SNC8O0 significantly reduced the number of CSD events, 2-way ANOVA, significant effect of drug (p = 0.018). n = 6-7.

suprathreshold KCl onto the dura while optical intrinsic signals and local
field potentials (LFP) were recorded (Fig. 5A,B). Saline or SNC80 (10
mg/kg IP) was injected 400 s after initial KCl application and CSD events
were recorded for 1 h following administration (Fig. 5C). LoxP controls
and Nav1.8-DOR mice showed a comparable number of CSD events in
response to KCl (Fig. 5D, clear bars). SNC8O0 significantly decreased the
number of CSD events in both genotypes (Fig. 5D, dark bars). These
findings demonstrate that delta receptors in Nav1.8 cells do not affect
cortical excitability associated with migraine, or the inhibitory effects of
delta agonist in this model.

Discussion

In this study, we investigated the relative contributions of DORs
expressed in peripheral nociceptors to the regulation of various
headache-associated endpoints. Specifically, we evaluated how this re-
ceptor population affects the ability of SNC80 to inhibit allodynia in
models of chronic migraine and OIH/medication overuse headache,
NTG-induced negative affect, and CSD. Nav1.8-DOR mice showed a ~
50 % decrease in Oprdl transcript in trigeminal ganglia, which is in
keeping with the high expression of Nav1.8 in this region (Agarwal
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et al., 2004). In addition, we did not observe a decrease in DOR
expression in central regions such as the trigeminal nucleus caudalis or
striatum. Knockout of DOR from peripheral nociceptors did not signifi-
cantly impact allodynia induced by chronic NTG or morphine. In the
NTG model of chronic migraine, SNC80 continued to be effective
regardless of region tested, although there was a small decrease in its
effect peripherally in Nav1.8-DOR. In contrast, the anti-allodynic effects
of SNC80 were completely lost in the periphery in the OIH model, but
cephalic responses remained intact. Navl.8-DOR and loxP controls
responded similarly in a model of migraine-associated negative affect,
and in response to CSD. The effect of delta agonist was not altered in
these more centrally-mediated behaviors in Nav1.8-DOR mice. Collec-
tively, these data suggest that peripheral DOR alone only partially
regulate the anti-migraine properties of delta agonists.

In inflammatory and neuropathic peripheral pain models knockout
of DOR from Nav1l.8 expressing cells results in enhanced allodynia
(Gaveriaux-Ruff et al., 2011). In a model of chronic migraine-associated
pain or after chronic morphine, Nav1.8-DOR and loxP control mice
developed comparable mechanical allodynia in cephalic and peripheral
regions. This allodynia was similar to that observed in wildtype C57BL6
mice in response to these agents (Pradhan, 2014; Moye et al., 2019;
Pradhan et al., 2014). These data suggest that unlike inflammatory or
neuropathic pain, NTG and morphine-induced allodynia is not heavily
regulated by a peripheral tone of endogenous opioids acting at delta
receptors. NTG and OIH is mechanistically distinct from CFA or SNL
models. For example, mice do not easily recover from CFA or SNL lesion,
while their mechanical responses will return to naive baselines within
7-10 days following cessation of NTG or morphine. It is also possible
that a difference could be detected between genotypes if a less severe/
lower doses of NTG or morphine were tested, and this is an active area of
study. In addition, Nav1.8-DOR developed conditioned place aversion to
NTG and were comparable to loxP animals in response to KCl-induced
CSD events. Together these data indicate that DOR in Nav1.8 cells do
not regulate outcomes in these migraine related models.

The anti-allodynic effects of delta agonists were substantially
reduced or lost in Nav1.8-DOR in inflammatory and neuropathic models
of pain (Gaveriaux-Ruff et al., 2011; Nozaki, 2012). In the current study,
SNC80 effectively inhibited acute and chronic allodynia in the NTG
model in both Nav1.8-DOR and loxP controls. Further, an anti-allodynic
effect of SNC80 was still observed in both hindpaw and periorbital re-
gions, although there was a slight decrease in effect in Nav1.8-DOR. It is
possible that DOR in non-Navl.8 expressing peripheral neurons
contribute to the anti-allodynic effect of SNC80 in this model. We
observed a ~ 50 % reduction in Oprd1 gene expression in TGs of Nav1.8-
DOR mice. Nav1.8 is primarily expressed on nociceptors (Stirling et al.,
2005), and has also been shown on some but not all mechanosensors
(Shields et al., 2012). Delta receptors are expressed on medium to large
diameter neurons in the DRG (Bardoni et al., 2014) and TG (Moye,
2021). Approximately 40 % of DOR positive TGs, express the pro-
migraine neuropeptide (Edvinsson and Goadsby, 2019), calcitonin
gene related peptide (CGRP) (Moye, 2021). Not all CGRP expressing
cells in the TG express Nav1.8 (Lindquist et al., 2021), and it is possible
that these cells may also express DOR. In this case, activation of delta
receptors by SNC80 could inhibit NTG-induced allodynia by decreasing
CGRP release. Another possibility is that the anti-allodynic effects of
SNC80 in this migraine model occurs through delta receptors in the
central nervous system. To support this idea, we have previously shown
that knockout of DOR from forebrain GABAergic neurons results in a
complete loss of the effects of SNC80 within the NTG model (Dripps
et al., 2020). Nevertheless, this study shows a clear distinction from
inflammatory and neuropathic pain states in which SNC80 effects were
lost in Nav1.8-DOR mice.

Chronic opioid use can result in OIH which has been observed in
peripheral pain patients as well as in individuals suffering from opioid
use disorder (Yi and Pryzbylkowski, 2015). Opioids are still commonly
prescribed for migraine (Lipton et al., 2020), and can result in increased

Neurobiology of Pain 12 (2022) 100099

migraine severity and frequency (Bigal and Lipton, 2009). This form of
OIH is known as medication overuse headache (MOH) (HIS, 2018), and
is very difficult to treat. We have previously shown that a well charac-
terized OIH paradigm can cause allodynia in both hindpaw and cephalic
regions (Moye et al., 2019). The current study revealed that there is a
mechanistic distinction between these two regional endpoints. In
Nav1.8-DOR, SNC80 effectively reversed cephalic allodynia induced by
chronic morphine, similar to loxP controls. Contrastingly, the effects of
SNC80 were completely lost in this model when the hindpaw was tested.
These results indicate that chronic opioid use could result in distinct
adaptations at peripheral and central pain processing sites, which may
be differentially regulated by delta receptors. Cephalic OIH may be
regulated by sensitization of sites within the central nervous system,
including the trigeminal nucleus caudalis. In contrast, peripheral OIH
may be more strongly governed by changes in peripheral ganglia,
especially dorsal root ganglia to spinal cord processing. Opioids have
been shown to induce nociceptor neuroplasticity (Khomula et al., 2019),
which may be more important for peripheral versus cephalic OIH.
Future studies will focus on delineating these differential mechanisms.

The conditioned place aversion paradigm is used to reflect the
negative affective state induced by the human migraine trigger, NTG
(Pradhan, 2014; Dripps et al., 2020). Nav1.8-DOR and loxP control mice
developed comparable levels of aversion to NTG. We have previously
shown that knockout of delta receptors from forebrain GABAergic
neurons (DIx-DOR) also does not affect the development of CPA (Dripps
et al., 2020). These results suggest that endogenous signaling at delta
receptors does not regulate this negative affective state, nor does
knockout of this receptor alter memory associated with aversion
learning. We also observed that knockout of DOR from Navl.8
expressing neurons did not alter the anti-aversive effects of SNC80, and
both loxP and Nav1.8-DOR mice failed to produce CPA when condi-
tioned with both NTG in combination with SNC80. These results
contrast with DIx-DOR, where deletion of forebrain delta receptors
resulted in a complete loss of the effects of SNC80 in this assay. These
data show that delta receptors in peripheral nociceptors are largely
unnecessary for regulating the affective components of migraine, while
those in the forebrain play a more crucial role.

Approximately-one third of migraine patients experience migraine
aura symptoms (Charles and Baca, 2013). Cortical spreading depression
is widely viewed as the electrophysiological correlate of migraine aura
(Charles and Baca, 2013; Brennan and Pietrobon, 2018). Previously,
drugs that can reduce the number of CSD events were found to be an
indicator of effectiveness as a migraine preventive (Ayata et al., 2006).
Along this line SNC80 and a G protein biased delta agonist, KNT-127,
were both found to effectively reduce CSD events (Pradhan, 2014;
Bertels et al., 2021). Here we find that despite peripheral knockout of
delta receptors, SNC80 continued to inhibit CSD. Although SNC80 was
still effective in this model, it is possible that peripheral delta receptors
could regulate behavioral endpoints induced by CSD. For example, CSD
can activate neurons throughout the migraine pathway, including in
peripheral trigeminal ganglia (Zhang et al., 2011; Zhang et al., 2010).
Accordingly, CSD events can result in photophobia, cephalic allodynia,
and anxiety (Tang et al., 2020; Harriott et al., 2021). Future studies will
determine the effect of peripheral delta receptor knockout on behavioral
outcomes evoked by CSD.

Together, our data show that delta receptors in Nav1.8 expressing
neurons are not crucial in the regulation of migraine-associated symp-
toms or for the anti-migraine effects of delta agonist. Intriguingly, our
data also reveal that opioid induced hyperalgesia (peripheral) and
opioid-induced medication overuse headache (cephalic) are regulated
by different sub-populations of delta receptors. Delta agonists are
currently being developed for the treatment of migraine (Fossler et al.,
2020) and other pain conditions (Conibear et al., 2020). Our data sug-
gest that targeting of peripheral delta receptors would be insufficient for
the treatment of migraine; and that brain-penetrant delta agonists would
be a more successful drug development strategy.
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